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Abstract

TOUGH?2 is a2 numerical simulation program for nonisothermal flows of multicom-
ponent, multiphase fluids in porous and fractured media. The chief applications for
which TOUGH2 is designed are in geothermal reservoir engineering, nuclear waste
disposal, and unsaturated zone hydrology. A successor to the TOUGH program,
TOUGH2 offers added capabilities and user features, including the flexibility to handle
different fluid mixiurcs, facilities for processing of geometric data (computational grids),

and an internal version control system to ensure referenceability of code applications.

This report includes a detailed description of governing equations, program archi-
tecture, and user features. Enhancements in data inputs relative to TOUGH are

described, and a number of sample problems are given to illustrate code applications.
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1. Introduction

TOUGH?2 is a numerical simulation program for multi-dimensional coupled fiuid
and heat flows of multiphase multicomponent fluid mixtures in porous and fractured
media. It belongs to the MULKOM family of codes (Pruess, 1983b, 1988) and is a more
general version of the TOUGH simulator (Pruess, 1987) to which it Is closely related in
methoJology, architecture, and input/output formats. TOUGH2 includes a number of
fluid propenty modul.cs (also referred to as *‘equation-of-state®’ or “EOS" modules),
which make the code applicable to a variety of subsurface flow systems, including

groundwater aquifers, unsaturated zones, and geothermal reservoirs (see Table 1).

Table 1. TOUGH2 Fluid Property Modules

Module ~ Capabilities

EOS! water, water with tracer

EOS2 water, CO,

EOS3_  water, air |

EOS4 water, air, with vapor pressure lowering
EOSS5 water, hydmgcn.

'optio'nal constant-temperature capability
*similar to the EOS-module of TOUGH

Additional fluid property modules that have been developed for MULKOM are being
adapfed for future inclusion in the TOUGH2 program package. Applications of the
simulator are f-acilitatcd by a number of user features. These include flexible dimension-
ing of major arrays, capabilities for internal processing of flow géomctry data (mesh gen-
eration), and enhanced facilities for specifying initial and boundary conditions.
TOUGH2 input formats are upward compatible with those of TOUGH. Thus, TOUGH
input files can be run with TOUGH?2, so that existing TOUGH applicutions can be main-

tained. Note, however, that some default parameter settings are different in TOUGH?2, so
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that minor adjustments in TOUGH input files may be advisable.

TOUGH2 implements a flexible general-purpose architecture (see Fig. 1) for simu-

lating fiuid and heat flow in systems in which any number of components or species can

be distributed among several coexisting phases. In this report we provide information on

architecture and user features of TOUGH2, and we describe the various fluid property

(EOS) modules included in the present TOUGH2 package. A key feature of the code

architecture is an array structure that allows for flexible interfacing between the module

that sets up and solves the fluid flow equations and the EOS modules, which represent

fluid mixtures with different numbers of components and phases. A basic understanding

of this structure and some familiarity with the source code is necessary for successful

applications.

Solution of

Equations

Data Input
and
Initialization

y joreecieeeeeos ]

Assembling and Vaniables ' Equation
of

lterative Solution of :
Flow Equations Socondary State
Pm
Printed
Output
o

EBL 908-303)

Figure 1. Modular architecture of MULKOM and TOUGH?2.

The TOUGH2 program consists of a number of functional units with flexible and

transparent interfaces. Much of what program units do is spelled out in internal
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comments and in printed output. It is hoped that this ‘‘open’’ architecture will facilitate
applications, and will encourage TOUGH2 users to further develop ?.nd enhance the
code. At the same time TOUGH2 provides ﬁechmism, by means of a tight and visible ’
*‘version control’’ system, for meeting stringent demands on reliability and referencea-
bility of code applications. Each program unit, when first called during 2 TOUGH?2 simu-
lation run, writes a one-line message specifying its name, version number and date, and
purpose. All version messages are optionally printed to OUTPUT at the end of a simula-
tion run. (See the example in Fig. 14). Users who wish to rimodify the code can maintain a
referenceable record of code changes and applications' by appropriately updating the ver-

sion messages.

The development of TOUGH2 was carried out on CDC-7600 and Cray X-MP com-
puters. The coding complies with the ANSI X3.9-1978 (FORTRAN 77) standard.* 64-
bit word length is required for successful execution. The present document proQidcs
essential information needed for TOUGH2 applications. It is not intended as a *stand
alone’’ report, but should be used in conjunction with the TOUGH User's Guide (Pruess,
1987). The source code is being distributed together with several INPUT files for sample
problems (sce section 7). Besides providing a check on proper code installation, the sam-

ple problems illustrate code capabilities and serve as a brief tutorial for applications.

*For linking with dcfault input and output files “INPUT™ and “OUTPUT," the code has a **CALL LINK (.+)"* satement
in the main (TOUGH2) program. This is peculiar to the Cray computer at the Nationa! Encrgy Research Supcrcomputer
Centcr, Lawrence Livermore National Laboratory, and should be removed for installation at other computers.

Pagr 4 o blark and . e e
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2. Methodology and Architecture of MULKOM and TOUGH2

Numerical simulators for nonisothermal multiphase fiows have been under develop-
ment at Lawrence Berkeley Laboratory for more than ten years. This work was focussed
primarily on geothermal reservoir simulation. Additional incentives were provided by
flow problems arising in the context of high-level nuclear waste isolation. oil and gas
recovery and storage, and the protection of groundwater resources. The desire to model
systems contaiping different fluid mixtures led to the development of a fiexible general-
purpose simulator MULKOM. TOUGH2 is essentially a subset of MULKOM, consisting
of a selection of the better tested and documented MULKOM program modules.

2.1 Scope and Methodology

MULKOM and TOUGH2 solve mass and energy balance equations that describe
fiuid and heat flow in general multiphase multicomponent systems (Appendix A). Fluid
flow is described with a multiphase extension of Darcy’s law; in addition there is
diffusive mass transport in the gas phase. Heat flow occurs by conduction and convec-
tion, the latter including sensible as well as latent heat effects. The description of ther-
modynamic conditions is usually based on :he assumption of local equilibrium of all
phases (liquid, gasecous, and solid). (MULKOM has also been used to model non-
equilibrium conditions, such as chemical reactions proceeding with finite rates.) All fluid
and formation paramcters can be arbitrary non-linear functions of the primary thermo-
dynamic va.n:ablcs.
~ For numerical simulation the continuous space and time variables must be discre-
tized. In ali members of the MULKOM family of codes, space discretization is made
directly from the integral form of the basic conservation equations, without converting

them into partial differential equations (Appendix B). This *‘integral finite difference”’
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method (Edwards, 1972; Narasimhan and Witherspoon, 1976) avoids any reference to a
global system of coordinates, and thus offers the advantage of being applicable to regular
or irregular discretizations in one, two, or three dimensions. The method also makes it
possible, by means of simple preprocessing of geometric data, to implement double- and
multiple-porosity methods for fractured media, as well as higher-order differencing
methods (Pruess and Narasimhan, 1982, 1985; Pruess, 1983a; Pruess and Bodvarsson,
1983). For a system of regular grid blocks referred to a global coordinate system the
integral finite difference method is .completcly equivalent to conventional finite
differences. Time is discretized fully implicitly as a first-order backward finite
difference. This together with 100% upstream weighting of flux terms at interfaces is
necessary to avoid impractical time step limitations in flow problems involving phase

(dis-) appearances, and to achieve unconditional stability (Peaceman, 1977).

The discretization results in a sct of strongly coupled non-linear algebraic equations
(Appendix B). These are solved completely simultancously, using Newton-Raphson
iteration. Time steps can be automatically adjusted (increased or reduced) during a simu-
lation run, depending on the convergence of the iteration process. The linear equations
arising at each iteration step are solved with the MA28 package from the Harwell pro-
gram library, which implements a sparse version of LU-decomposition and backsubstitu- -
tion (Duff, 1977).” The accuracy of MULKOM has been tested by comparison with many
different analytical and numerical solutions, and with results from laboratory experiments
(Pruess and Bodvarsson, 1984; Pruess and Narasimhan, 1985; Verma, 1986; Pruess,
1987; Pruess et al., 1987; Lam et al., 1988; Doughty and Pruess, 1990; Pruess, 1990b;
Doughty and Pruess, 1991). | .

2.2 Program Architecture

MULKOM has a modular architecture (Fig. 1), which was built on the recognition

“Other solvers may be used.
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that the mass- and energy-balance equations governing multiphase flow have the same
mathematical structure, regardless of the number and nature of fluid components and
phases present in a flow system. It is this modular architecture which gives MULKOM
the flexibility to handle a wide variety of multicomponent multiphase flow systems. The

nature and propertics of specific fluid mixtures enter into the governing equations only

‘through thermophysical parameters, such as fluid density, viscosity, enthalpy, etc.

Different fiuid mixtures can therefore be simulated with the same flow module, the ther-
mophysical properties (or ‘‘PVT properties®”) of the specific fluid mixture of interest

being provided by an appropriate “EOS"’ (equation-of-state) module.

Although the basic concepts used in the dcsign of MULKOM are simple and
straightforward, the code has never been easy to use because various research applica-
tions have led to a proliferation of specialized program modules and options. This situa-
tion led to the development and release of a specialized version of MULKOM for non-
isothermal flow of water and air, named TOUGH (*). TOUGH is an acronym for *‘tran-
sport of unsaturated groundwater and heat,”’ and is also an allusion to the tuff formations
at Yucca Moumain, Nevada, which are presently being evaluated by the U.S. Department

of Energy for their suitability as a host medium for a high-level nuclear waste repository.

The TOUGH User’s Guide (Pruess, 1987) includes a technical description of the
code and its architecture. It also provides complete documentation for preparing input
files, and includes a set of sample problems which illustrate code applications. TOUGH
can perform *‘conventional’’ (water only) geothermal reservoir simulations simply by

setting air mass fraction equal to zero in the input file.

With TOleHZ we are releasing a considerably more general subset of
MULKOM-modules. TOUGH2 can interface with different EOS modules and thereby

model different fiuid mixtures that consist of a variable number of NK components distri-

(*) The TOUGH code and associated documentation is available from the National Encrgy
Software Center, c/o Argonne National Laboratory, 9700 S. Cass Ave., Argonne, IIl. 60439.
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buted among NPH phases. It also contains facilities for mesh generation and internal
processing of geometric data. Except for this added fiexibility the code is subroutine-
for-subroutine actually very similar to TOUGH. The TOUGH2 input structure is
upwardly compatible with that of TOUGH itself (sce below); users should refer to the
TOUGH User’s Guide for the applicable input forméts. A cautionary remark is in order
here: even though TOUGH input decks will run with TOUGH2, they will not necessarily
produce the exact same results even with the water-air EOS because a number of default

parameter settings are different.
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3. TOUGH2 Array Structure and Handling

3.1 Primary Thermodynamic Variables |

~ MULKOM has been used for modeling processes in which all (fluid and solid)

phases are in local thermodynamic equilibrium, as well as for processes involving non-

equilibrium conditions with kinetic rate expressions. The version released as TOUGH2

implements the assumption that locally all phases are in thermodynamic equilibrium. Let
us now consider the number of primary thermodynamic variables that are needed to com-
pletely specify the thermodynamic state of a flow system consisting of NK components,

which are distributed according to local thermodynamic equilibrium among NPH phases.

From Gibbs’ phase rule it follows that the nuniber of thermodynamic degrees of

freedom in such a system is

f =NK+2-NPH n
In addition there are (NPH ~1) saturation degrees of freedom, because the NPH phase
saturations (or phase volume fractions) SB are constrained by the relationship

NPH
2 Sp=1 )
B=1

The total number of primary thermodynamic variables (degrees of freedom) is therefore
NK1 =f+NPH-1

=NK+1 (3)
which is equal to the total number of l?alancc cquations per grid block, namely, NK mass
balance and one energy balance equation. The thermodynamic state of a discretized flow
system consisting of NEL volume elements, or grid blocks, is then completely specified
by a set of NEL*NK1 primary thermodynamic variables, to which correspond an equal
number of mass and energy balance equations. For transient flow systems, these primary

variables are time-dependent, and they represent the unknowns to be calculated in each
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time step.

An important consideration in the modeling of fluid and heat flow processes with

phase change is the choice of the primary variables that define the thermodynamic state

of the system. When a phase appears or disappears, the set of appropriate thermo-

dynamic variables may change. In single-component flows involving water, for example,
appropriate thermodynamic variables for describing single-phase conditions (subcooled
liquid or superheated stcam) are temperature T and pressure P. However, in two-phase
conditions pressure and temperature are not independent, but are related by the vapor-
pressure relationship P = P, (T). (When vapor pressure ldwcring effects are considered,

the more complicated relationship Eq. A.9 applies.)

There are two alternative ways for dealing with this problem. One possibility is to
use a set of ‘‘persistent™ variables such as (pressure, enthalpy) or (density, internal
energy), which remain independent even as phase conditions change, so that they can be
used throughout the single- and two-phase regions. This approach has been succcssfully'
implemented in a number of multiphase codes (Pritchett, 1975; Faust and Mercer, 1975;
Pruess et al., 1979; Pruess and Schrocdcr.A 1980). A drawback of this approach is that
parametric relationships for thermophysical properties are usually formulated in terms of
the *“‘natural’’ variables pressure and temperature, so that their computation as functions
of “‘persistent’’ variables becomes either more difficult (requiring solution of implicit
equations) or entails some sacrifice in accuracy. The other possibility is to use the vari-
ables (pressure, temperature) only for single-phase conditions, and to **switch’’ to vari-
ables (préssurc. saturation) when a transition to two-jahasc conditions occurs. Experience
has proven this variable-switching approach to be a very robust method for treating mul-
tiphase systcms.Aand it has been implemented in the MULKOM, TOUGH, and TOUGH2
codes.

The choice of primary variables and the switching procedures for phase transitions

are different in different equation-of-state modules (see below).



40009

| 25 1

9

-11-

3.2 Thermophysical Property Arrays

in TOUGH2 all of the NEL*NKI1 primary variables are stored sequentially in a

one-dimensional array X; first the NK1 variables for grid block # 1, then the NK1 vari-

ables for grid block # 2, and so on (see Fig. 2). The starting location for primary vari-
ables for grid block N is NLOC + 1, where NLOC = (N-1)*NK1.

X -
FLOW EOQOS
Module Module
L PAR
VOLUME PRIMARY VOLUME SECONDARY PARAMETERS
ELEMENT | VARIABLES ELEMENT gas phase liquid phase
%1 x(n #1 phase saturation s PAR(1) PAR(NBK+1)
: relative permeability k, PAR(2) :
X(NK1) viscosity B PARQ)
2 X(NK1+1) density p  PAR(MY)
: specific enthalpy h PAR(S)
X(2*NK1) capillary pressure P, PAR(6)
mass fractions
: component 1 X!  PAR(NB+l)
N X(NLOC+1) component NK XNK PAR(NB4+NK) PAR(2°NBK)
X(NLOC#NK1) temperature T  PAR(NSEC-1)
: (void) PAR(NSEC)
[second set of secondary parameters: X(1) incremented]
’ PAR(NSEC+1)
#NEL :
X(NEL*NK1) PAR(2*NSEC)
PAR((NEQ+1)*NSEC)
)
ENEL

XBL 908-2884

Figure 2. Structure of thermophysical property arrays in MULKOM and TOUGH?2.

There are two additional arrays DX and DELX with structure identical to X. While

X holds the primary variables corresponding to the last successful (converged) time step,
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DX holds the latest increments calculated during the Newton-Raphson iteration process.
Thus the latest updated primary variables are the quantities X + DX. The array DELX
holds small increments of the X themselves (typically of order 107+ X), which are used
to calculate incremented parameters needed for the numerical calculation of the deriva-
tives in the Jacobian matrix J =-a&,ﬁxi (see Fig. 3; x; denotes the collection of all pri-
mary independent thermodynamic variables). At the conclusion of a converged time

step, the primary variables X are updated, X = X + DX.

wolume  component matrix . et
clementn  balance oW J A x \ . R
.l ! ! 4 9 4 1
NEQ NEQ
2 1 NEQH
NEQ 2NEQ
W T GVIPNEQR oR¥ . —
: : -~ o Xigor =Xip |~ X
aXi Rn
P
ONEL : :
NEQ  NEL°NEQ \ ) 4 J /
@iz
columnl 1= NEQ | NEQe) e | ~NELONEQ
primary '
varable  1--NEQ | 1 NEQ
wolume
cement 0] 02 eceeeaceennnee | ONEL

XL 908-2009

Figure 3. Linear equation structure.

It was stated above that the number of mass- and energy-balance equations per grid

block is the same as the number NK1 of primary thermodynamic variables. In many
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applications, however, the heat effects may be so small that temperature changes would
be insignificant, and it would bc sufficient to consider just the mass balance equations.
The simplest Way of forcing tcmpcfamre changes to zero would be to assign the solid
matrix an overwhelmingly large heat capacity, so that finite rates of heat exchange will
cause negligible temperature change. This approach is perfectly acceptable and useable
with TOUGH2, but it has the disadvantage that the full number of balance equations
must be solved, even though the energy balance reduces to the trivial statement 0T/dt=0.
For certain EOS modules, TOUGH2 offers a more elegant way of running problems
without temperature changes, at a considerable savings of computing time. By conven-
tion we always take the first NK equations per grid block to represent mass balances,
while the energy balance equation comes last as # NKI1. TOUGH2 uses a parameter
NEQ, distinct from NK, to number the balance equations per grid block, and normally we
would have NEQ = NK + 1. However, the user can choose to assign NEQ = NK in the
INPUT file; then no energy equations are set up or solved and the number of coupled
equations is reduced by one per grid block, or a total of NEL. For the smaller set of NK
equations‘ we only solve for NK primary variables; thus the option NEQ = NK can only
be used with those EOS modules that have temperature as primary variable # NK1 (see
Table 1).

The EOS module calculates all thermophysical properties (“‘secondary parame-
ters'’) needed to assemble the mass- and energy-balance cquations for the latest updated
primary variables X + DX. These parameters are then stored sequentially in a large array
“‘PAR’’ (see Fig. Zi. The number of secondary parameters other than component mass
fractions is NB (usually NB = 6); in addition there are NK mass fractions so that the total
number of secondary parameters per fluid phase is NBK = NB + NK. The PAR array
structure is shown in Fig; 2 for the case of two fluid phases; however, the coding permits
any number of phases, as specified by the parameter NPH. The NPH*NBK phase-

specific parameters are followed by temperature T and a void (unused) array member, so
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that the total number of secondary parameters is NSEC = NPH*NBK + 2.

Note that the thcnnopl_lysical properties are needed not only for calculating the resi-
duals of the mass- and energy-balance equations (B.6), but also for calculating their
derivatives in the Jacobian matrix (Eqs. B.7 and B.8). Thus, we require secondary
parameters not only at the “‘state point" (latest X + DX), but also for the NEQ additional
sets of primary variables in which one of the primary variables at a time is incremented
by DELX. Therefore, the total number of secondary parameters per grid block is (NEQ +
1)*NSEC. Secondary parameters for grid block #N start after location #NLOC2 = (N -
1)¥(NEQ + 1)*NSEC of the PAR array. |

3.3 Linear Equation Setup

The data provided by the PAR-array are used in the flow module of TOUGH2 to
assemble the linear equations (B.8) that are solved at each step of the Newton-Raphson
iteration procedure. These equations are arranged and numbered sequentially, as shown
in Fig. 3, with the first NK equations per grid block representing component mass bal-
ances, while the last equation (# NK1) represents the energy balance. The row indices of
the Jacobian matrix correspond to the component balance equations, while the column
indices correspond to the scquénce of primary variables in array X. If the option NEQ =
NK is chosen, only NK mass balance equations will be set up per grid block. In this case
only the first NK primary variables per grid block will contribute matrix columns, while
variable # NK1, which must be temperature, remains passive and is not engaged or
altered in the linear equation handling. However, all therinophysical parameters will be

calculated at the temperature values specified in variable #NK1.

Note that the accumulation terms of the balance equations depend only on primary
variables for one grid block, so that they will generate non-zero derivative terms only in
an NEQ*NEQ submatrix that is located on the diagonal of the Jacobian J. The flow

terms, being dependent on primary variables of two grid blocks, will generate two non-



25 1 10

9

-15-

zero NEQ*NEQ submatrices of derivatives, which are located in the off-diagonal matrix

locations corresponding to the two grid blocks.

In TOUGH2 all Jacobian matrix elements as well as the entries in the vector R of
residuals are calculated in subroutine ‘*‘MULTL.’® The calculation first assigns all matrix
elements arising from the accumulation terms, of which there are NEQ*NEQ. These are
stored sequentially in a one-dimensional array CO; matrix elements for grid block N
begin after location (N~ 1)*NEQ*NEQ in CO. The corresponding row and column
indices are stored separately in arrays IRN and ICN, respectively. Calculation of the
derivatives demands ‘that each accumulation term is calculated NEQ + 1 times; once tor
the state point (X + DX), and NEQ times for each of the NEQ primary variables incre-
mented (X + DX + DELX). Additional contributions to diagonal terms in the Jacobian J
may arise from sink and source terms if present; these are assigned in subroutine QU
called from MULTI. Subsequently all flux terms are evaiuatcd. These depend in general
on the 2*NEQ primary variables of the two connected grid blocks, so that a total of
2*NEQ + 1 fiux terms need to be evaluated for calculation of the state point as well as of

all derivative terms.

After all matrix elements and members of the right-hand side vector of residuals
have been assembled, the subroutine package MA28 (Duff, 1977) is called to solve the
linear equations (B.8). The resulting increments in the primary variables are added to the
array DX, and the process of linear equation setup and solution is repeated for the pri-
mary variables X + DX. This process continues until the residuals are reduced below a

preset convergence tolerance. If convergence is not achieved within a specified max-

-imum number of iterations (usually 8) the time step is repeated with reduced time incre-

ment.

3.4 Dimensioning of Major Arrays

The major problem-size dependent arrays reside in COMMON blocks, which are
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dimensioned by means of 8 PARAMETER statement in the main (TOUGH2) program.

An informat. nal statement on permissible problem size (number of grid blocks, etc.) is

provided in the printed output of a TOUGH2 run. When problem specifications exceed

array dimensions the execution stops with a diagnostic printout. The user must then

increcase PARAMETER assignments accordingly, recompile the main program and

relink, A list of major arrays used in TOUGH2 and their dimensions is given in Table 2

below.

Table 2. Summary of Major Common Blocks

2o w3143
Reference 10 Common 8locks Length
Elements El -E6 NEL (= number of elements)
VINWES, AHTRAN
Primary variables Pl -P7 NEL*NK1}
Connections Cl -Cl1 NCON (= number of connections)
(interfaces) COMPO, PORVEL NCON*NPH
Linear equations Ll 2 NZ = NEL*NEQ**2 + 2*NCON*NEQ**2
L2,L3 = (2-4) *NZ
L4 NEL*NEQ
LS NEL*5*NEQ
L6 NEL*8*NEQ
L7 NZ
L8 NEL*5*NEQ
Secondary parameters SECPAR NEL*(NEQ + 1) *NSEC

NKi=NK+1
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4. Equation-of-State Modules

The thermophysical properties of fluid mixtures needed in assembling the governing
mass- and energy-balance equations are provided by “‘equation-of-state” (EOS)
modules. There is nothing in the MULKOM formulation to restrict the number of fluid
components and phases that may be present. The flow module of TOUGH2 is coded in
general fashion for calculating mass balances of an arbitrary number of NK components
that are distributed among NPH phases. The EOS-modules included in the present
release of TOUGH2, however, are all limited to flow systems with at most two com-
ponents and two phases. More complcxﬁ modules for three or more components and
phases are in use at Lawrence Berkeley Laboratory, and source codes and documentation

for these are expected to become available in the future.

Besides providing values for all secondary (thermophysical) parameters as func-
tions of the primary variables, the EOS module must fulfill three additional important

functions:

(i) the phase conditions pertaining to a given sct of primary variables must be
recognized (element-for-element),

(ii) the appearance or disappearance of phases must be diagnosed as primary vari-
ables change during the Newton-Raphson iteration process, and

(iii) primary variables must be switched in response to a change of phase.

The primai'y Qaﬁablcs/sccondary parameters concept as implemented in MULKOM
and TOUGH?2 essentially eliminates any direct connection between the choice of primary
variables, and the secondary paramétcrs that are used to set up the flow equations. This
provides maximum flexibility and convenience in the choice of primary variables,
because only secondary parameters are used in the flow equations. There is one single

exception to this separation, namely, pressure (of a reference phase) is by convention
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always the first primary variable, and it is used directly in the fiow eq-ations. The choice
of all other primary variables is completely free. Note that of the several EOS modules

described below, only one at a time should be linked with the other TOUGH2 modules.

4.1 EOSI1 (Water, Water with Tracer)

This is the first, most basic EOS-module developed for MULKOM. It provides a
description of pure water in its liquid, vapor, and two-phase states suitable for geother-
mal reservoir studies, and has a capability of representing *‘two waters”’ of identical phy-
sical properties, which contain diﬁ'crcnt trace constituents. The default parameter set-
tings for a single water component are (NK, NEQ, NPH, NB) = (1, 2, 2, 6). The option
NEQ = 1 is available for running problems that involve only liquid water, or only
superheated steam, under constant temperature conditions. The primary variables are (P,
T) for single-phase points, (P‘, Sg) for two-phase points. For the convenience of the user
it is possible to initialize two-phase points as (T, Ss); a numerical value of the first pri-
mary variable less than 374.15 will automatically be taken to mean temperature (in °C)
instead of gas pressure, and will cause variables to be internally converted from (T, S z) to

(P,,(T), Ss) prior to execution.

Thc two-waters capability can be invoked by specifying (NK, NEQ, NPH, NB) =
(2, 3, 2, 6) in data block ‘““MULTI"’ (see below). With this option, two water mass bal-
ances will be set up, allowing separate tracking of the two compbncnts. For example,
one could specify the water initially present in a flow system as “*water 1,”* while water
being injccied is specified as “water 2." The primary variaﬁles in this case are (P, T, X)
for single-phase points, and (Ps' Sg. X) for two-phase points, where X is the mass fraction
of *‘water 2”° presént. All thermophysical properties (density, specific enthalpy, viscos-
ity) are assumed independent of the component lhix(ure; i.., independent of the mass
fraction X. This approximation is applicable for problems in which the identity of

different waters is distinguished by the presence of different trace constituents, which
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occur in concentrations low enough to not appreciably affect the thermophysical proper-

ties.

All water properties (density, specific enthalpy, viscosity, saturated vapor pressure)
are calculated from the steam table equations as given by the Intemational Formulation
Committee (1967). The formulation includes subregion 1 (subcooled water below T =
350°C), subregion 2 (superheated steam), and subregion 6 (saturation line up to T =
350°C). Within these regions, density and internal energy are represented within experi-
mental accuracy. Viscosity of liquid water and steam are represented to within 2.5% by
correlations given in the same reference. For details of the formulation, its accuracy and

range of validity, refer to the original publication.

The phase diagnostic procedures are as follows. When initializing a problem, each
grid block has two primary variables, (X1, X2). Whether X2 means gas saturation (two-
phase) or temperature (single phase) is decided from the numerical value: For X2 > 1.5,
X2 is taken to be temperature in °C, otherwise it is gas saturation. (Although physically
saturation is restricted to the range 0 < S < 1, it is necessary to allow saturations to
exceed 1 dim'ng the Newton-Raphson iteration). If X2 is temperature, we have single
phase conditions; specifically, for P (= X1) > P, (T) we have single phase liquid, other-
wise we have single phase steam. Subsequent to initialization, the phase condition is
identified simply based on the value for Sg. as stored in the array PAR. Sx = 0: single

phase liquid, S‘ = 1: single phase vapor, 0 < S‘ < I: two-phase.

Phase change is recognized as follows. For single phase points the temperature
(second primary variable) is iﬁonitored. and ihc corresponding saturation pressure is
compared with P. For a vapor (liquid) point to remain vapor (liquid), we require that P <
F,,, (P > P_); if this requirement is violated, a transition to two-phase conditions takes
place. The primary variables are then **switched’’ to (Pg, Sg), and these are initialized as
P, = P_ (T, S‘ = 0.999999 if the point was in the vapor region, and Sg = 0.000001 if it

was in the liquid region. For two-phase points S, is monitored; we require that0< S g <1
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for a point to remain two-phase. If S g < 0 this indicates disappearance of the gas phase;
the primary variables are then switched to (P, T), and the point is initialized as single
phase liquid, with T taken from the last Newton/Raphson iteration, and P = 1.000001 *
P,,(T). For S, > 1 the liquid phase disappears; again the primary variables are switched
to (P, T), and the point is initialized as single phase vapor, with T taken from the last
Newton/Raphson iteration, and P = 0.999999 * P, (T). Note that in these transitions we
preserve temperature rather than pressure from the last iteration. This is preferable

because in most flow problems temperature tends to be more slowly varying than pres-

. sure. A summary of EOS1 specifications and parameters is given in Table 3 below.

Table 3. Summary of EOS1

Components # 1: water
# 2: **water 2"’ (optional)
Parameter Choices
(NK, NEQ, NPH, NB) = (1, 2, 2, 6) one water component, non-isother-

mal (default)
(1, 1, 2, 6) only liquid, or only vapor, isothermal
. (2, 3, 2, 6) two waters, non-isothermal

Primary Variables

single phase conditions
(P, T, [X]) - (pressure, temperature, [mass fraction of water 2] )

two-phasc conditions
( ‘. [X]) — (gas phase pressure, gas saturation, [mass fraction of water 2] )

“two waters cannot be run in isothermal mode, because in this case temperature is not
the last primary variable

opuonal, for NK = 2 only

4.2 EOS2(Water, CO,)

This fluid property module was developed by O’Sullivan et al. (1985) for describing
fluids in gas-rich geothermal reservoirs, which often contain CO, mass fractions from a

few percent to occasionally 80% or more (Atkinson ez al., 1980). It accounts for non-
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ideal behavior of gascous CO,, and dissolution of CO, in the aqueous phase according to
Henry's law with heat-of-solution effects. The thermophysical property correlations are
based on the model of Sutton and McNabb (1977); a formulation due to Pritchett et al.
(1981) is used for the viscosity of vapor-CO, mixtures.

Specifications and parameters of EOS2 are summarized in Table 4. A more detailed
description and applications to geothermal reservoir problems are given in the paper by

O’Sullivan er al. (1985).

Table 4. Summary of EOS2

Components z ; \Cvg:r

Parameter Choices

(NK, NEQ, NPH, NB) = (2, 3, 2, 6) no other options
are available

Primary Variables

single phase conditions
(P, T, PCO,) — (pressure, temperature, CO, partial pressure)

two-phase conditions
(P,, S, PCO,) - (gas pressure, gas saturation, CO, partial pressure)

4.3 EOS3 (Water, Air)

This module is an adaptation of the EOS module of TOUGH for the TOUGH2 pro-
gram, and implements the same thermophysical properties model (see Pruess, 1987).
Thus, all water properties are represented by the steam table equations as given by the
Intemational Formulation Committee (1967). Air is approximated as an ideal gas, and
additivity is assumed for air and vapor partial pressures in the gas phase, P, =P, + P,.
The viscosity of air-vapor mixtures is cornpﬁtcd from a formulation given by Hirsch-
felder er al. (1954). The solubility of air in liquid water is represented by Henry’s law;

{air)
(]

i.e., dissolved air mole fraction x, = is proportional to air partial pressure in the gas
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phase.

_ ) (air)
P,=Ky'x

4)
Here Ky, is Henry’s constunt, which is a slowly varying function of temperature, varying
from 6.7 x 10° Pa at 20°C to 1.0 x 10" Pa at 60°C and 1.1 x 10'° Pa at 100°C (Loomis,
1928). Because air solubility is small, this kind of variation is not expected to cause

significant efiects, and a constant K, = 1.0 x 10'® Pa was adopted.

EOS3 differs from the EOS module of TOUGH in one important respect, namely,
the choice of primary thermodynamic variables. In TOUGH we have (P,T.X) for single
phase conditions, (l;‘,SS.T) for two-phase conditions. The choice made in EOS3 is
(P.X,T) for single phase, (Pg.10.+sg,’l') for two-phase. The rationale for the seemingly
**bizarre’’ choice of 10'+Ss as a primary variable is as follows. As an option, we wish to
be able to run isothermal two-phase flow problems with the specification NEQ = NK, so
that the then superfluous heat balance equation needs not be engaged. This requires that
temperature T be the third primary variable. The logical choice of primary variables
would then appear to be (P,X,T) for single phase and (Ps’sz'T) for two-phase conditions.
However, both X and S‘ vary over the range (0,1), so that this would not allow a distinc-
tion of single phase from two-phase conditions solely from the numerical range of pri-
mary variables. By takiné the second primary variable for two-phase conditions to be X2
= 10.+Sg, the range of that variable is shifted to the interval (10,11), and a distinction
between single and two-phase conditions can be easily made. As a convenience to
TOUGH users, primary variables can optionally be initialized identical to TOUGH
specifications by setting MOP(19) = 1. A summary of EOS3 specifications is given in

" Table 5.
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Table §. Summary of EOS3

Components # 1: water
’ #2: air
Parameter Choices
(NK, NEQ, NPH, NB) = (2.3.2,6) water and air, noniso-

thermal (default)
(2,2,2,6) water and air, isothermal

Primary Variables‘

single phase conditions ,
PX,T)- (pmssure‘. air mass fraction, temperature)

two-phase conditions
(Ps.S B-HO.T) — (gas phase pressure, gas saturation plus 10, temperature)

.By setting MOP(19) = 1, initialization can be made with TOUGH-style vari-
ables (P,T.X) for single phase, (Ps,S s’T) for two-phase. ‘

4.4 EOS4 (Water, Air, with Vapor Pressure Lowering Capability)

The specification of thermophysical properties in this EOS differs from EOS3 in that
provision is made for vapor pressure lowering effects. Vapor pressure is expressed by
Kelvin's equation (Eq. A.9); it is a function not only of temperature, but d:pcnds also on
capillary pressure, which in turn is a function of saturation. The primary variables are
(P,T.P,) for single phase conditions and (P,.S,,P,) for two-phase conditions. Note that in
two-phase conditions temperature is not among the primary variables. It is implicitly

determined from the relationship Pg ~P, =P, with Pv =P (T.S,) as given in Eq. A.9.

It would be possible to use other sets of primary variables, in particular, temperature
could be used also in two-phase conditions. Qur test calculations for a number of exam-
ples indicated, however, that the choice (P;.S,,P,) usually led to better convergence
behavior than the choice (P,.S,.T). The reason for the numerically inferior behavior of
the latter set is in the air mass balance. With the variablcs (Ps'ss’T)’ the amount of air

present in a grid block becomes controlled by the difference between total gas pressure
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Px and effective vapor pressure P, =P, (T)- fyp (T.S;), which can be subject to very
severe numerical cancellation. From the applications viewpoint, however, initialization
of a flow problem with the set (Ps,Ss,T)'may be much more pnysical and convenient.
EOS4 allows to initialize two-phase points as (Ps‘.Ss.T); this. capability can be selected by
specifying MOP(19) = 1 in the INPUT file. The default option for MOP(19) = O is
(Ps'ss’ |

As a further convenience to users, the choice MCP(19) = 2 allows EOS4 to be ini-

P,).

tialized with EOS3 variables of (P, X, T) for single phase, (Ps' SS + 10, T) for two-phase.

This way continuation runs with EOS4 can be made from EOS3-generated conditions.

Note that, when using MOP(19) # O options, data block or file INCON must ter-
minate on a blank record (* *). If ‘+++° is encountered in INCON, it is assumed that pri-
mary variables are provided in agreement with internal usage; MOP(19) is then reset to

zero and an informative message is printed.

Vapor pressure lowering effects raise new issues because it is now possible for a
liquid phase to be present under conditions where vapor partial pressure and gas phase
total pressure are less than the saturation pressure. What is the appropriate pressure at
which liquid phase density, enthalpy and viscosity are to be evaluated? We believe that 2
physically plausible choice is to take P, = max(Ps, P_,)), and this has been implemented
in EOS4. The implementation faces a difficulty, however, because temperature is not
among the primary variables in two-phase conditions, so that P, is only implicitly
known; moreover, vapor pressure lowering effects are functionally dependent on liquid
phase dcn§ity. which is also a function of temperature. This leads to a potentially
unstable situ'ation with regard to the choice of liquid phase pressure under conditions
where Ps = P,,,» which happens to be 2 common occurrence in boiling regions. In order to
avoid this problem we evaluate liquid water density in the Kelvin equation for vapor

pressure lowering (Eq. A.9) always at P, =P

5ar» Which will be an excellent approximation

due to the small compressibility of liquid water. In all accumulation and flow terms, the
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density of liquid water is evaluated at P, = max(Ps P,,). Vapor pressure lowering can be

optionally suppressed by setting MOP(20) = 1. A summary of EOS4 specifications is

given in Table 6.
Table 6. Summary of EOS4
Components # 1: water
#2: air
Parameter Choices
(NK, NEQ, NPH, NB) = (2, 3, 2, 6) water and air, non-

isothermal
(no other choices available)

MOP (20) = 1: optionally suppress vapor pressure lowering effects

Primary Variables |

single phase conditions
(R, T, P,) — (pressure, temperature, air partial pressure)

two-phase conditions
(P . 8, P,)— (gas phase pressure, gas saturation, air partial
pressure)

By setting MOP (19) = 1, initialization of two-phase conditions
can be made with (P S » T).

By sctnng MOP(19) = 2 initialization can be made with EOS3-
style variables of (P.X T) for single phase, (P S + 10, T) for
two-phase.

4.5 EOSS (Water, Hydrogen)

* Ina number of waste disposal projects, corrosive metals are to be emplaced in geo-
logic formations beneath the water table. These will evolve a mixture of gases, with
hydrogen being the chief constituent. The EOSS5 fluid property module was developed to.
study the behavior of groundwater systcrris in which hydrogen release is taking place. It
is a close ‘‘cousin’ of EOS3, the main difference being that the air component is
replaced by hydrogen, with considerably different thermophysical properties (see Table

7). The assignment and handling of primary thermodynamic variables in EOSS is identi-
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cal to EOS3 (see Table 5). The main differences in the assignment of secondary parame-

ters are as follows. Density of gaseous hydrogen is computed from the ideal gas law.

Viscosity aﬁd water solubility of hydrogen are interpolated from the data given in Table

7. For temperatures in excess of 25°C, the solubility at 25°C is used. The parameter

specifications of EOSS5 are identical to those of EOS3 as given in Table 5, with *‘air’’

replaced by ‘‘hydrogen.’’

Table 7. Thermophysical Propertics of Hydrogen

Density at P = 1 bar Expenmcntal‘

T=280K  .086546 kglm
T=300K  .080776 kg/m’

Viscosity‘
T=0°C
P=1bar 8.40 x 10~ Pa's
P=100bar  8.57x10°°Pa's

Ideal Gas Law

08660 kglm
08082 kg/m

T = 100°C
10.33 x 107° Pa's
10.44 x 10~ Pa's

Solubility in water at P = 1 bar®

T=0°C 192x107¢ " g Hyg H0
T=25C  154x10°gH,/gH,0

*from Vargaftik (1975), p. 39.

tuniversal gas constant R = 8314.56 J/mol/°C; molecular weight of

hydrogen 2.0160.
after Dean (1985).

Solubility at different pressures is computed from Henry's law.
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& User Features

Much of the data handling in TOUGH2 is accomplished by means of a number of

disk files, which are written in a format of 80 characters per record, so that code users

van edit and modify them with any normal text editor. Table 8 summarizes the disk files

other than (default) INPUT and OUTPUT used in 'I"OUGHZ. Most of lhcsé are also used

in TOUGH, and files with the same names in both codes have identical formats. The use

#nd function of these files is described in the following sections as well as in the sample

problems; further information is available in the TOUGH User's Guide.

Table 8. TOUGH2 Disk Files

File

Use

b — 2 —— ——— —  _————— ———————_____—____]

MESH

GENER

INCON

SAVE

MINC

ILINEQ

TABLE

-written in subroutine INPUT from ELEME and CONNE data, or in module

MESHMAKER from mesh specification data
read in RFILE to initialize all geometry data arrays used to define the
discretized fiow problem

written in subroutine INPUT from GENER data .
rc(:’d in RFILE to define nature, strength, and time-dependence of sinks
and sources :

written in subroutine INPUT from INCON data .

aqa.d in RFILE to provide a complete specification of thermodynamic con-
itions

written in subroutine WRIFI to record thermodynamic conditions at the

end ot a TOUGH2 simulation run

compatible with formats of file or data block INCON for initializing a con-
tinuation run

~ written in module MESHMAKER with MESH-compatible specifications,

to provide all geometry data for a fractured-porous medium mesh (double
porosity, dual permeability, etc.) _

read (optionally) in subroutine RFILE to initialize geometry data for a
fractured-porous system :

written in linear equation solver ‘“MA28"’, to provide informative mes-
sages on linear equation solution

(optional; available only with certain EOS modules) written in subroutine
QLOSS to record data on heat exchange with impermeable confining
layers, or heat and fluid exchange with embedded matrix blocks in a
fractured-porous medium

read in QLOSS in a continvation run
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VERS written in all TOUGH2 program units with informational message on ver-
sion number, date, and function
read in main program **TOUGH2’’ and printed to default OUTPUT at the
conclusion of a TOUGH2 simulation run; printing of version information
is suppressed when keyword ‘NOVER’ is present in INPUT file

5.1 Specification of Flow Geometry

Handling of flow geometry data in TOUGH2 is upward compatible with TOUGH
input formats and data handling. As in other *‘integral finite difference’’ codes (Edwards,
1972; Narasimhan and Witherspoon, 1976), flow geometry is dcﬁncd by means of a list
of volume elements (*‘grid blocks®*), and a list of flow connections between them. This
formulation can cope with regular and irregular flow geometries in one, two, and three
dimensions. Single- and multiple-porosity systems (porous and fractured media) can be
specified, and higher order methods, such as seven- and nine-point differencing, can be
implemented by means of appropriate Spéciﬁcation of geometric data (Pruess and Bed-

varssor., 1983).

Volume elements in TOUGH2 are identified by five-character names, such as
“ELE10.”" Flow connections are specified as ordered pairs of elements, such as
““(ELE10,ELE11).”" A variety of options and facilitics are available for entering and
processing the conesﬁonding geometric data (sec Fig. 4). As in TOUGH, clement
volumes and domain identification can be provided by means of a data block ‘‘ELEME"
in the INPUT file, while a data block ‘‘CONNE’’ can be used to supply connection data,
including interface area, nodal distances from the interface, and orientation of the nodal
line relative to the vertical. These data arc internally written to a disk file MESH, which
in turn initializes the geometry data arrays used during the flow simulation. The data for-
mats on file MESH are identical with the format specifications for data blocks ELEME
and CONNE.

TOUGH2 offers additional avenues for defining flow system geometry. By means

of the keyword ‘MESHMAKER® in the INPUT file, a special program module can be



4027

1 25

9

-29.

geometry data in
INPUT file

-(blocks ELEME, CONNE)

geometry data for
internal mesh generation

(block MESHMAKER)

disk file

OOMESH"

data arrays

. yes
processing >
)
disk file
no “MINC”
initialize geometry Y

h'J

XBL 908-288¢

- Figure 4. User options for supplying geometry data.
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invoked to perform a number of mesh generation and processing operations. The MESH-
MAKER module itself haS a modular structure; present sub-modules include ‘‘RZ2D"’
for generating two-dimensional radiﬁlly symmetric (R-Z) meshes, and **XYZ'" for one-,
two-, and three-dimensional .rectilihcar (Cartesian) grids. Multiple-porosity processing
for simulation of flow in naturally fractured reservoirs can be invoked by means of a key-
word ‘MINC,” which stands for ‘‘multiple interacting continua’’ (Pruess and
Narasimhan, 1982, 1985; Pruess, 1983a; see Appendix C). The ‘“MINC’’-process

operates on the data of the *‘primary’’ (porous medium) mesh as provided on disk file

. **MESH,"” and generates a *‘secondary’’ mesh containing fracture and matrix elements

with identical data formats on file **MINC.”" (The file MESH used in this process can be
cither directly supplied by the user, or it can have been internally generated either from
data in INPUT blocks ELEME and CONNE, or from RZ2D or XYZ mesh-making; see
Fig. 4.) As a convenience for users desiring graphical display of data, the internal mesh
generation process will also write nodal point coordinates on file MESH. These data are
written in 3E10.4 format into columns 51-80 of each grid block entry in data block
ELEME. At the present time, no internal use whatsoever is made of nodal point coordi-

nates in TOUGH2.

In TOUGH2 elements are referenced by names consisting of a string of five charac-
ters, ‘12345." These are arbitrary, except that the last two characters (#4 and 5) must be
numbers. Specific naming conventions have been adopted in the internal mesh generation
process. For RZ2D, the last two characters directly number the radial grid blocks, from 1
througﬁ 99. Character #3 is blank for the first 99 radial blocks, and then runs through the
sequence 1, 2, ..., 9, A, B, ..., Z for a maximum total of 3599 radial blocks. The second
character counts up to 35 grid layers as 1, 2, ..., 9, A, B, ..., Z. The first character is ‘A’ for
the first 35 layers, and is incremented 10 B, C, ..., Z, 1, 2, ..., 9 for subsequent groups of 35
layers.

For rectilinear meshes generated by XYZ, characters 4 and 5 together number the
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grid blocks in X-direction, while character #3 = 1, 2, ..., 9, A, B, ..., Z numbers Y-
direction grid blocks, and character #2, running through the same scquence as #3,
numbers grid blocks in Z direction. **Overflows"” in any of these (more than 99 X-blocks,
more than 35 Y-or Z-b!écks) advance chiracter #1 through the sequence A, B, C, ..., Z.
Both RZ2D and XYZ assign all grid blccks to domain #1 (first entry in block
“ROCKS’’); a user desiring changes in domain assignments must do so *‘by hand,”
either through cditing of the MESH file, or by appropriate source code changes in sub-
routines WRZ2D and GXYZ. - |

TOUGH?2 runs that involve RZ2D or XYZ mesh generation will produce a special
printout, showing element names arranged in their actual geometric pattern. An example
is given in Fig. 18.

The naming conventions for the MINC process are somewhat different from those
originally adopted in the GMINC program (Pruess, 1983a), and are as follows. For a pri-
mary grid block with name 12345, the corresponding fracture subelement in the secon-
dary mesh is named ¢ 2345° (character #1 replaced with a blank for easy recognition).
The successive matrix continua are labeled by running character #1 through 2, ..., 9, A,
B, ..., Z. The domain assignment is incremented by 1 for the fracture grid blocks, and by
2 for the matrix grid blocks. Thus, domain assignments in data block ‘“ROCKS’’ should
be provided in the following order: the first entry is the single (effective) porous medium
(POMED), then follows the effective fracture continuum (FRACT), and then the rock

matrix (MATRX). An example is given in sample problem 4.

Users should beware that the MINC proéess may lead to ambiguous element names
when the *‘inactive’” element device (see below) is used to keep a portion of the primary

mesh as unprocessed porous medium. .

Mesh gencration and/or MINC processing can be performed as part of a simulation
run. Altematively, by closing the INPUT file with the keyword ‘ENDFI’ (instead of
‘ENDCY"), it is possible to skip the flow simulation and only execute the MESHMAKER
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module to generate a MESH or MINC file. These files can then be used, with additional
user-modifications “by hand’® if desired, in a subsequent flow simulation. MESH-
MAKER input formats are described in Section 6, and examples of practical applications -
are given in the sample problems. Execution of MESHMAKER produces printed output

which is self-explanatory.

5.2 Initial Conditions and Restarting

As in the TOUGH code, initial thcrmodyxiamic conditions for the volume elements
in the flow domain can be assigned to identical default values for all elements, or they
can be prescribed for each element individually by means of a data block *‘INCON.”” A
file “INCON,” written to the same specifications as data block *‘INCON,’ can also be

used for initialization.

A simulation problem can be conveniently run in several scgments. At the end of a
simulation run TOUGH2 writes the primary thermodynamic variables of all elements on
a disk file ““SAVE”" with format specifications identical to *°INCON.’* For a subsequent
continuation run, file *““SAVE™ can be merged into the INPUT file as data block
“INCON,” or it can be renamed as file *‘INCON.” In the latter case no data block
INCON can be present in the INPUT file, as this would cause the INCON file to be

overwritten.

TOUGH?2 offers the additional facility of assigning initial conditions uniformly
throughout sclected zones of the simulation grid. This is invoked by means of a data
block “INDOM,"” which provides information on the thermodynamic conditions in
user-defined domains. The format specifications for block *INDOM® are similar to
those used in ‘;INCON" (see Section 6). Thermodynamic conditions given in block
“INDOM?"* take precedence over default assignments for the entire flow domain;

specifications for individual grid blocks in “INCON"' supercede all other assignments.
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The **normal’® way of defining initial conditions is by directly providing the pri-
mary thermodynamic variables. Note that these variables are generally different for
different EOS rﬁodulcs. The thermodynamic state variables that are used internally in
TOUGHS2 as primary dependent variables may not always be the most convenient vari-
ables for a user to initialize a flow problem. The parameter MOP(19) offers a variety of
choices, which permit initialization with variables different from the internally used pri-
mary variables. These choices are different for different EOS modules, and are docu-

mented in the onc-page informational printout produced by cach EOS.

At the end of a simulation run, file *‘SAVE"" will always be written with the internal
primary variables of the EOS module used. When modifying an INPUT file for a con-
tinuation run, MOP(19) might therefore have to be changed to its default value MOP(19)
= 0 for proper initialization. To rninimizc the possibility of user error, an automatic
“sswitch’* has been implemented in TOUGH2, as follows. The file ‘“SAVE"’ as internally
written by TOUGH?2 terminates on a record with ‘+++° in the first three columns, fol-
lowed by one record with restart information. When e data block “INCON"’ or file
“INCON’’ terminates on ‘+++° rather than on a blank line, it is assumed that this
“INCON"’ was intenally generated in a previous TOUGH2 run and that, therefore, it is
written with the internally used set of primary variables. Accordingly, when “+++' is
encountered in INCON the switch MOP(19) is reset to zero, and an informative message

to this effect is printed.

5.3 Boundary Conditions and ‘‘Inactive’ Elements

Boundary conditions can be of two basic types. Dirichlet conditions prescribe ther-
modynamic con'ditions.‘such as pressure, temperature, etc. on the boundary, while Neu-
mann conditions prcscribc fluxes of mass or heat crossing boundary surfaces. A special
case of Neumann boundary conditions is *‘no flux,”" which in the integr:l finite

difference framework is handled with simplicity itself, namely, by not specifying any
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flow connections across the boundary. More general flux conditions are prescribed, as in
TOUGH, by introducing sinks or sources of appropriate strengths into the elements adja-

cent to the boundary.

TOUGH did not offer any special means of prescribing Dirichlet boundary condi-
tions. Such conditions were implemented simply by assigning very large volumes,
10°° m3. say, to certain grid blocks, so that their thermodynamic conditions would remain
practically unaltered during a simulation run. TOUGH2 offers an altermative means for
implementing Dirichlet conditions, which provides savings in computational work along
with added user conveniences in running simulation problems. Tﬁis is accomplished with

the simple device of “‘active’’ and *‘inactive’’ elements.

By convention, elements encountered in data block “‘ELEME”’ (or files *‘MESH”’
or *“MINC’") are taken to be *‘active’’ until the first element chtry with a zero or nega-
tive volume is encountered. The first element with volume less than or equal to zero, and
all subsequent elements, are taken to be “*inactive.”” For the inactive elements no mass or -
energy balance equations are sct'up. and their primary thermodynamic variables are not
included in the list of unknowns. Otherwise, however, inactive elements can appear in
flow connections and initial condition specifications like all other elements. This feature
can be conveniently used to specify Dirichlet boundary conditions, by gathering all ele-
ments beyond the desired flow domain boundary at the end of the ELEME-block, and
inserting a *‘dummy’’ volume element of zero volume in front of them. Thermodynamic
conditipns for the inactive elements will be rigorously maintained during a simulation
run. Their computational overhead is moderate because they do not increase the dimen-

sionality of the fiow problem (number of equations and unknowns; see Fig. 3).

The inactive-element concept can be conveniently used for simulating flow prob-
lems that evolve through different process segments. For example, in many reservoir
simulation problems it is desired to first calculate a **natural’’ steédy state, correspond-

ing to gravitational (or gravity-capillary) equilibrium, or to steady mass and heat flows
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produced by certain pressure and temperature conditions at the flow system boundaries.
Subsequently one wishes to simulate the transient changes in response to man-made per-
turbations or to naturally occurring changes, while maintaining gravity-equilibrated pres-
sure conditions at the boundary. Such boundary conditions can be implemented by
including elements beyond the desired boundary in the gravity equilibration run, and
making these elements inactive in a subsequent continuation run involving production or
injection operations.

The specification of inactive elements can also be used in the MESHMAKER
module to steer the MINC-proccss of subgridding volume elements. By convention,
inactive elements will remain unpartitioned, i.c., they will be treated as a single porous

medium.

5.4 Heat Exchange with Confining Beds

One possibility for modeling heat exchange with confining beds is to simply extend
the computational grid into the cap- and base-rock, which would be given small or van-
ishing permeability. In this approach heat exchange would be treated no different than
flow in the reservoir. A drawback of this approach is that even for modest accuracy
requirements, the number of grid blocks in the heat flow domain could easily become
larger than the number of grid blocks in the reservoir, leading to a very inefficient calcu-
lation. A much more efficient alternative is application of a semi-analytical method,
which requires no grid blocks outside of the fluid flow domain, and permits better accu-
racy for short- and long-term heat exchange. TOUGH2 provides an option to use the
method of Vinsome and Westerveld (1980), which gives excellent accuracy for heat
exchange between reservoir fuids and confining beds such as may arise in geothermal

injection and production operations.

Observing that the process of heat conduction tends to dampen out temperature

variations, Vinsome and Westerveld suggested that cap- and base-rock temperatures
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would vary smoothly even for strong and répid temperature changes at the boundary of
the conduction zone. Arguing that heat conduction perpendicular to the conductive
boundary is more important than parallel to it, they proposed to represent the temperature

profile in a semi-infinite conductive layer by means of a simple trial function, as follows:
T(x,t) = T;=(T¢-T;+px + qxz) exp (—x/d) (5)

Here x is the distance from the boundary, T; is initial temperature in cap- or base-rock

(assumed uniform), T is the time-varying temperature at cap- or base-rock boundary, p

and q are time-varying fit parameters, and d is the penetration depth for heat conduction,

given by

Lt
d= (9;) 6)

where 6 = K/pC is the thermal diffusivity, K the thermal conductivity, p the density of
the medium, and C the specific heat. In the context of a finite-difference simulation of
nonisothermal flow, each grid block in the top and bottom layers of the computational
grid will have an associated temperature profile in the adjacent impermeable rock as
given by Eq. (5). The coefficients p and q will be different for each grid block; they are
determined concurrently with the flow simulation from the physical constraints of (1)
continuity of heat flux across the boundary, and (2) energy conservation for the
reservoir/confining layer system.

‘There is no separate input data block for specifying a semianalytical heat exchange
calculation. Instead, a number of paramcters have to be specified in different blocks to
engage this option, as follows. A semi-analytical heat loss calculation will be performed
only when the parameter MOP(-IS) in record PARAM.1 is set equal to 1. Initial tempera-
ture as well as hcat'capacity and conductivity of the confining beds is specified by means
of data provided for the very last volume element in data block ELEME. The initial tem-
perature is taken as the temperature with which the last element is initialized. Heat capa-

city and conductivity are taken from data provided in block ROCKS for the particular
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domain to which the last element belongs. Thus, if a semianalytical heat exchange calcu-
lation is desired, the user would append an additional inactive element in block ELEME,
and provide the desired parameters as initial conditions and domain data, respectively,
for this element. Finally, it is necessary to specify which elements have an interface area
with the confining beds, and to give the magnitude of this interface area. This informa-
tion is input as parameter AHTX in columns 31-40 of grid block data in block ELEME.
Volume elements for which a zero-interface area is specified will not be subject to heat

exchange.

In the present version of TOUGH2, a semi-analytical heat exéhange calculation can
be performed only when the *‘geothermal’® EOS modules EOS1 or EOS2 are used. An
implementation for other EOS modules, and an extension to heat exchange with finite-
size impermeable rock matrix blocks embedded in the fliow domain, will be included in a

future release (Pruess and Wu, 1989).

At the termination of a run the data necessary for continuing the heat exchange cal-
culation in 2 TOUGH2 continuation run are written onto a disk file TABLE. When res-
tarting a problem, this file has to be provided under the name TABLE. If file TABLE is
absent, TOUGH2 assumes that no prior heat exchange with confining beds has taken
place, and takes their tﬁmperaturcs to be uniform and equal to the temperature of the very

last volume element in block ELEME.

5.5 Future Code Devélopmcnls

It had l;cen mentioned above that the present release of TOUGH2 as described in
this report includes a selection of some of the better tested and useable MULKOM pro-
gram modules. The LBL group has developed a large humbcr of additional modules and
descendants of MULKOM and TOUGH which are expected to be made available in
future releases. These include additional EQS modules for multiphase fluid mixtures con-

taining hydrocarbon and non-Newtonian fluids, capabilities for modeling rock-fiuid
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interactions with dissolution and precipitation processes and associated porosity and per-
meability change, modules for production and injection well operations and scheduling,
preprocessor ﬁrograms for higher-order differencing schemes to diminish space discreti-
zation errors, and specialized routines for the study of multiphase flow processes in frac-
tured media, including hysteresis effects. Many dcvclopmcnts'in the TOUGH code have
also been made by users outside LBL to enhance process descriptions, improve execution

speed, and add user conveniences (Pruess, 1990b).

Further improvements in TOUGH2 are desirable to represent certain processes in a
more accurate and complete fashion. For example, the present coding represents only
advection and does not include any diffusive or dispersive processes in the liquid phase.
Appropriate flux terms could be added in a continuum-based formulation; alternatively,
marker particles could be employed to model species transport. The description of gas
flow processes includes Knudsen (slip flow) effects only in a rough approximation due to
Klinkenberg (1941); a more unified treatment of Darcy, Knudsen, and diffusive effects is
desirable. Such future enhancements in process description are expected to be readily
feasible by adding appropriate modules to the existing TOUGH2 structure. Also, many
user features such as a more interactive and graphically oriented interface could be

added to facilitate code applications (see the discussion in Pruess, 1990a).

When making changes in the code, it is essential to preserve a continuous depen-
dence of all secondary parameters on the primary thermodynamic variables. True numer-
ical discontinuities, such as a non-zero capillary air entry pressure, are inadmissible.
They may lead to an unstable situation in which the residuals in the governing equations
(B.6_) become discontinuous functions of the primary variables, so that it may be impossi-
ble to reduce thctﬁ to small values. A finitc transition region for continuous variation of
parameters must be provided. For example, if a user wishes to define a capillary pressure
function with air entry effects, (s)he must provide a finite interval, from S; =1 to

S, =0.99, say, over which capillary pressure changes from 0 to P, . For ease of conver-
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gence during the non-linear Newton/Raphson process, it is actually desirable that the

derivatives of secondary parameters with respect to primary variables also be continuous.

Future releases of TOUGH2 will remain upward compatible with the prcscr{t ver-
sion. We will strive to maintain a transparent and accessible source code ihat will facili-
tate applications to complex flow problems, and will be amenable to further enhance-
ments. Users making code modifications are urged to utilize the simple version control
system provided in TOUGH2. Any time changes in the code are made, the dates in the
WRITE(11,899) statement appearing at the top of the affected program units should be
updated, so that a traceable and referenceable record of source code developments and
applications may be maintained (see the discussion in the Introduction, and the example

given in Fig. 14).
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6. Preparation of Input Data

TOUGH?2 input is to be provided through a file INPUT, organized into data blocks
which are labeled by five-character keywords. Apart from a few exceptions, discussed
below, the order of the data blocks in the INPUT file is arbitrary. As has been mentioned
before, the TOUGH?2 input formats are upward compatible with those of TOUGH. Figure
5 gives a listing of TOUGH input formats, and indicates a small number of optional addi-
tional parameters that in TOUGH2 are provided through the same data blocks. TOUQHz
has a number of new, optional data blocks. These are listed in Table 9, and the

corresponding input formats are shown in Fig. 6.

Table 9. New Data Blocks in TOUGH2 (all optional)

keyword function

MESHM invokes internal mesh gencration and processing facilities
MULTI allows to select number of fluid components and balance equations
. per grid block; applicable only with certain EOS modules that offer

different options v

INDOM  permits domain-specific initialization of thermodynamic conditions

NOVER if present, optionally suppresses a printout of versions and dates of
the program units executed in a TOUGH2 run

ENDFI alternative to *“ENDCY"’ for closing a TOUGH2 input file; will
gag:e_ﬂ%w simulation to be skipped; useful if only mesh generation
is desire

We shall first summarize the new parameters and options of TOUGH2 in the *‘old"’
(TOUGH) data blocks. Subsequently, we shall discuss the input formats and choices
available through the new data blocks. For a detailed discussion of those input variables

that are identical to the ones used in TOUGH, refer to t_he TOUGH User’s Guide.

6.1 Enhancements in TOUGH Data Blocks

As a convenience to the user, comments or text can be inserted between data blocks

anywhere in @8 TOUGH2 input file. Such records will generate a one-line printed output
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Figure 6. Input Formats for new TOUGH2 data blocks.

‘‘Have read unknown block label ‘[first five characters]’ — ignore this, and continue
reading input data,”’ but will otherwise be ignored. (In TOUGH, execution simply

stopped when an unknown block label was encountered.)

Several of the *‘MOP*’ parameters (first record in block ‘PARAM’), that control
optional printout and some calculational choiécs. have different options and settings than
in TOUGH. Each TOUGH2 run wiil produce a one-page informative printout of avail-
able selections and options chosen. Additional parameters provided through TOUGH
data blocks are as follows (see ‘.Fig. 5). The second (optional) record in block ‘ROCKS’
has a parameter GK which is the Klinkenberg parameter b in the gas phase permeability
relationship k = ky(1 + b/P). In partially saturated media, vapor diffusion can be consid-
crably enhanced in comparison to the expression given in Eq. (A.7), due to phase change
effects (condensation/evaporation) at the pore level. Such enhanced diffusion can be
modeled by specifying a suitable value, typically of order 1, for the parameter B = ¢Sgt.
This is to be entered as parameter BE in the first record in block ‘PARAM.’ In block

‘ELEME,” AHTX is the contact area of a grid block with the top or bottom boundary of
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the flow system. This can be used with certain EOS modules for a heat exchange calcu-
lation with semi-infinite half spaces that represent the confining beds of a flow system
(sce example problem 3, below). The X,Y,Z-data in element records are nodal point
coordinates. These are not used at all in TOUGH2, but can be optionally provided in the

*ELEME"’ block to facilitate plotting.

When working with different EOS modules, there is a need to be able to specify
injection of different fiuid components (or heat). Table 10 lists the TYPE specifications
that can be used in data block GENER in the input file.

Table 10. Specifications for Generation Types

Code Words

Component (variable **“TYPE" Component

B Index in;lock GENER) EOS1 EOS2 EOS3 EOS4 EOSS

- #1 COM1, MASS, WATE water!]  water  water  water  water
#2 COM2, AIR, WATR water2 Co, air air H,
#3" CoM3 - - - - -
#a" COM4 - - - - -

#NK1T  HEAT heat  heat  heat  heat  heat
*not used in EOS1 through EOSS

TNK1=NK +1

Thus, a user working with the *‘two waters’* option of EOS module EOS1 would specify
TYPE = COM1 (or MASS, or WATE) to inject *‘water 1, while specification of TYPE
= COM2 (or AIR, or WATR) would allow injection of *‘water 2.”” -

62 New TOUGH2 Data Blocks (sce Fig. 6)

MESHMAKER introduces parameters. for internal mesh generation and processing.
: The MESHMAKER input has 2 modular structure, which is explained
in section 6.3. The MESHMAKER data block has a variable number

of records; its end is indicated by a blank record.
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MULTI permits the user to select options as to the number and nature of bal-
“ance cquations solved. Available options are different for different
EOS modules (sce Tables 3-6). The keyword ‘MULTI’ is followed by

a single data record.

Record MULTI.1

Format (415)
NK, NEQ, NPH, NB

NK number of mass components

NEQ  number of balance equations per grid block (usually NEQ =
NK + 1, for an energy equation in addition to NK mass bal-
- ance equations)
NPH  number of phases that can be present

NB number of secondary parameters in PAR-array other than
component mass fractions (NB = 6 for all presently avail-
able EOS modules)

INDOM introduces domain-specific initial conditions.

Record INDOM.1
Format(AS)
MAT

MAT name of a reservoir domain, as specified in data block
‘ROCKS’

Record INDOM.2

Format(4E20.13)
X1, X2,X3,X4

A set of primary variables assigned to all grid blocks in the domain
specified in record INDOM.1

Record INDOM.3

A blank record closes the INDOM data block. Repeat records
INDOM.1 and INDOM.2 for as many domains as desired. The order-
ing is arbitrary and need not be the same as in block ‘ROCKS’.

NOVERSION  (optional) . '
One record with *“NOVER® typed in columns 1-5 will suppress print-

ing of a summary of versions and dates of the program units used in a
TOUGH2 run. d

ENDFILE (optional)
One record with ‘ENDFI’ typed in columns 1-5 will terminate reading
of the INPUT file, and will cause the flow simulation to be skipped.
This option can be used when only mesh processing is desired.
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6.3 Input Formats for MESHMAKER

At the present time there are three sub-modules available in MESHMAKER (see

Fig. 7): keywords ‘RZ2D’ or ‘RZ2DL’ invoke generation of a one or two-dimensional

radially symmetric R-Z mesh; ‘XYZ' initiates generation of a one, two, or three-
dimensional Cartesian X-Y-Z mesh; and ‘MINC’ calls a modified version of the
*‘GMINC’’ program (Pruess, 1983a) to sub-partition a *‘primary’’ porous medium mesh
into a *‘secondary’’ mesh for fractured media, using the method of **multiple interacting
continua’’ (Pruess and Narasimhan, 1982, 1985). The meshes generated under keyword
‘RZ2D’ or ‘XYZ’ are internally written to file MESH. The ‘MINC’ processing operates
on the data in file MESH, so that invoking the ‘RZ2D’ or ‘XYZ' options, or assignment
of ‘ELEME’ and °‘CONNE' blocks in the INPUT file must precede the
MESHMAKERIMINC data. We shall now separately describe the preparation of input
data for the three MESHMAKER sub-modules.

Generation of radially symmetric grids

RZ2D
(or RZ2DL) invokes gencration of a radially symmetric mesh.

When RZ2D is specified, the mesh will be generated *‘by columns;”’
i.c., in the ‘ELEME’ block we will first have the grid blocks at smal-
lest radius for all layers, then the next largest radius for all layers, and
so on. With keyword ‘RZ2DL’ the mesh will be generated ‘‘by
layers;*’ i.e., in the ‘ELEME’ block we will first have all grid blocks
for the first (top) layer from smallest to largest radius, then all grid
blocks for the second layer, and so on. Apart from the different order-
ing of clements, the two meshes for ‘RZ2D’ and ‘RZ2DL’ are identi-
cal. The reason for providing the two alternatives is as a convenience
to users in implementing boundary conditions by way of ‘‘inactive”
clements (see Section 5.3). Assignment of inactive elements would be
made by using a text editor on the RZ2D-generated **‘MESH’ file, and
~moving groups of ‘clements towards the end of the ‘ELEME’ block,
. pasta *‘dummy’’ element with zero volume. ‘RZ2D’ makes it easy to
declare a vertical column inactive, facilitating assignment of boundary
conditions in the vertical, such as a gravitationally equilibrated pres-
sure gradient. ‘RZ2DL’ on the other hand facilitates implementation
of “‘areal’’ (top and bottom layer) boundary conditions.

RADII is the first keyword following ‘RZ2D’; it introduces data for defining a
set of interfaces (grid block boundaries) in the radial direction. .
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NESHNAKER - Two-dimensional R-2 Grids
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Figure 7. Input formats for MESHMAKER module.
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Record RADIIL1

Format(AS)
NRAD A
NRAD number of radius data that will be read.

Record RADIL2
Format(8E10.4)
RC(), I=1,NRAD
RC() asetof radii in ascending order

EQUIDISTANT introduces data on a set of equal radial increments.

Record EQUID.1 :
Format(15, 5X, E10.4)
NEQU,DR

NEQU number of desired radial increments.
DR magnitude of radial increment.

Note: At least one radius must have been defined via block
‘RADII’ before *EQUID’ can be invoked.

| LOGARITHMIC introduces data on radial increments that increase from one to the next

by the same factor (AR _,, =f-AR).

Record LOGAR.1
Format(AS, 5X, 2E10.4)
NLOG, RLOG, DR

NLOG number of additional interface radii desired.

RLOG desired radius of the last (largest) of these radii.

DR reference radial increment: the first AR generated will be
equal to f-DR, with f internally determined such that the
‘last increment will bring total radius to RLOG. (If DR is set

equal to zero, or left blank, the last increment DR generated
before keyword ‘LOGAR’ will be used as default.)

Additional biocks ‘RADII’, ‘EQUID”’, and ‘LOGAR’ can be specified
in arbitrary order. .

‘Note: At least one radius must have been defined before ‘LOGAR’
(cia% bcdinvokcd. If DR = 0, at least two radii must have been
efined.

LAYER introduces information on horizontal layers, and signals closure of
RZ2D input data.
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Record LAYER.1

Format(I5)
NLAY

NLAY number of horizontal grid layers.

Record LAYER.2

Format(8E10.4)
H(),I=1,NLAY

H() a set of layer thicknesses, from top layer downward. By
default, zero or blank entries for layer thickness will result
in assignment of the last preceding non-zero entry. Assign-
ment of a zero layer thickness, as needed for inactive layers,
can be accomplished by specifying a negative value.

; The LAYER data close the RZ2D data block.
. Note that one blank record must follow to indicate termination of the
MESHM data block. Alternatively, keyword ‘MINC’ can appear to
invoke MINC-prucessing for fractured media (see below).

Rectilinear grids

XYZ invokes generation of a Cartesian (rectilinear) mesh.
Record XYZ.1
' Format(E10.4)
DEG

DEG angle (in degrees) between the Y-axis and the horizontal.

If gravitational acceleration (parameter GF in record PARAM.2) is
specified positive, -90° < DEG < 90° corresponds to grid layers going
from top down. Grids can be specified from bottom layer up by setting
GF or BETA negative. Default (DEG = 0) corresponds to a vertical
Z-axis. X-axis is always horizontal.

Record XYZ.2

‘Format(A2, 3X, 15, E10.4)
NTYPE, NO, DEL

NTYPE set equal to ‘NX,’ ‘NY’ or ‘NZ’ for specifying grid incre-
ments in X, Y, or Z direction.

NO number of grid increments desired.

DEL  constant grid increment for NO grid blocks, if set to a non-
zero value.
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(optional, DEL = 0. or blank only)

Format(8E10.4)
DEL(I),1=1,NO

DEL(I) a set of grid increments in the direction specified by NTYPE |
in record XYZ.2.

Additional records with formats as XYZ.2 and XYZ.3 can be pro-
vided, with X, Y, and Z-data in arbitrary order.

a blank record closes the XYZ data block.

Note that the end of block MESHMAKER is also marked by a blank
record. Thus, when MESHMAKER/XYZ is used, there will be two
blank records at the end of the corresponding input data block.

MINC processing for fractured media

MINC

PART

invokes postprocessing of a primary porous medium mesh from file
MESH. The input formats in data block MINC are identical to those of
the GMINC program (Pruess, 1983a), with two enhancements: there
is un additional facility for specifying global matrix-matrix connec-
tions (‘‘dual permeability’’); further, only “‘active’” elements will be
subjected to MINC-processing, the remainder of the MESH remaining
unaltered as porous medium grid blocks. See Appendix C for further
discussion.

is the first keyword following ‘MINC’; it introduces information on
the nature of fracture distributions and matrix-matrix connections.

Format(2A5, 5X, AS5)
‘PART, TYPE, DUAL

‘PART’ identifier of data block with partitioning parameters for
~ secondary mesh.

TYPE a five-character word for sclecting one of the six different
proximity functions provided in MINC. '

ONE-D: a set of plane parallel infinite fractures with matrix
- block thickness between neighboring fractures
equal to PAR(1).

TWO-D: two sets of plane parallel infinite fractures, with
arbitrary angle between them. Matrix block thick-
ness is PAR(1) for the first set, and PAR(2) for the
second sct. If PAR(2) is not specified explicitly, it
will be set equal to PAR(1).

THRED: three sets of plane parallel infinite fractures at
right angles, with matrix block dimensions of
PAR(1), PAR(2), and PAR(3), respectively. If
PAR(2) and/or PAR(3) are not explicitly specified,
they will be sct equal to PAR(1) and/or PAR(2),
respectively. :
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STANA: Average proximity function for rock loading of
Stanford large reservoir model (Lam er al., 1988).

STANB: proximity function for the five bottom layers of

Stanford large reservoir model. :

STANT: proximity functis. for top layer of Stanford large
reservoir model.

a user wishing to employ a different proximity function than
provided in MINC needs to replace the function subprogram
PROX(x) with a routine of the form:

FUNCTION PROX(x)

PROX = (arithmetic expression in x)
RETURN

END

It is necessary that PROX(x) is defined even when x exceeds the maximum possible
distance from the fractures, and that PROX = 1 in this case. Also, when the user supplies
his/her own proximity function subprogram, the parameter TYPE has to be chosen equal
to ‘ONE-D,” *“TWO-D,’ or “THRED,’ depending on the dimensionality of the proximity
function. This will assure proper definition of innermost nodal distance (Pruess, 1983a).

DUAL

Record PART.1

- a five-character word for selecting the treatment of global matrix-

matrix flow.

blank:

(default) global fiow occurs only through the fracture con-
tinuum, while rock matrix and fractures interact locally by
meognﬁ of ‘‘interporosity’® flow (*‘double-porosity
model).

‘MMVER’: global matrix-matrix flow is permitted only in the vertical;

otherwise like the double-porosity model; for internal
- consistency . this choice should only be made for flow sys-
tems with one or two predominantly vertical fracture sets.

‘MMALL': global matrix-matrix flow in all directions; for internal

consistency only two continua, representing matrix and
fractures, should be specified (*‘dual-permeability*’).

Format (2I3, A4, 7E10.4)
J,NVOL, WHERE, (PAR(I), I1=1,7)

J = total number of multiple interacting cominnﬁ (J < 36).

NVOL

total number of explicitly provided volume fractions
(NVOL < J). If NVOL < J, the volume fractions with
indices NVOL+1, ..., J will be internally generated; all
being e;;ual and chosen such as to yield proper normaliza-
tionto 1.
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WHERE  specifies whether the sequentially specified volume frac-
tions begin with the fractures (WHERE = ‘OUT ’ ) or in
the interior of the matrix blocks (WHERE = ‘IN °).

PAR(D), = 1, 7 holds parameters for fracture spacing (see above).

Record PART.2.1, 2.2, etc.
Format (8E10.4)
(VOL(I),I1=1,NVOL)

VOL(I) volume fraction (between 0 and 1) of continuum with index
1 (for WHERE = *‘OUT °) or index J+ 1-1 (for WHERE =
‘IN *). NVOL volume fractions will be read. For WHERE
= ‘OUT, I =1 is the fracture continuum, I = 2 is the matrix
_continuum closest to the fractures, I = 3 is the matrix contin-
uum adjacent to I=2, etc. The sum of all volume fractions

must not exceed 1.
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7. Sample Problems

7.1 Problem No. 1 - Code Demonstration and Comparison with TOUGH

This problem is identical to sample problem 1 from the TOUGH User’s Guide, and
can serve as a check on proper installation of TOUGH2 as well as for cross-referencing
to TOUGH. It involves a number of one- and two-element subproblems, which are
entirely independent of each other (no flow connections between subproblems), except
that being run together they all must go through the same sequence of time steps. The
sub-problems perform flow and/or injection and withdrawal of water, air, and heat, with
highly non-linear phase and component (dis-)appearances that engage some subtle
numerical procedures. A more detailed description is available in the TOUGH User's
Guide. The input file for running with the EOS3 fluid properties module is almost com-
pletely identical to that of TOUGH sample problem 1, with a few MOP-parameters (first
record in data block PARAM) set differently because of different defaults in TOUGH2
(see Fig. 8). The differences are: MOP(14) = 2, to suppress new matrix decomposition
when the linear equation solver MA28 encounters a small pivot; MOP(17) = 7, to apply a
scaling to the linear equation matrix; MOP(18) = 1, to compute fiuid densitics at grid
block interfaces by averaging; and MOP(19) = 1, to permit initialization of the EOS3
module with TOUGH-style primary variables of (P,T.X) for single phase, (P,S,T) for
two-phase. '

Figure 9 gives some printed output. The results are virtually identical to TOUGH, as
they should be. Minor differences occur in the maximum residuals during the iteration
process. These residuals, being computed as (left hand side) - (right hand side) of the
goveming balance equations (see Eq. B.6), involve severe numerical cancellations and
therefore constitute a very sensitive check on the numerics. Time step 2 also produces
results closely identical to those of TOUGH (not shown), but subsequently TOUGH2

takes different time steps because of different default settings.
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eSAM1e CODE DEMONSTRATION: PHASE TRANSITIONS, COMPONENT (D1S-)APPEARANCES
THIS INPUT FILE IS SLIGHTLY DIFFERENT FROM THAT FOR SAMPLE PROBLEM 1
OF TOUGH. THESE COMMENTS ARE INSERTED TO NOTE THE DIFFERENCES. KEYWORDS
ARE FOLLOWED BY A COLUMN COUNTER TO FACILITATE PROPER ALIGNMENT OF DATA.
A FEW MOP~OPTIONS ARE SET DIFFERENTLY (SEE SECTION 7.1 IN TOUCH2 GUIDE).

ROCKS---<1-ceceecncdemcctoenndenmntecmnlonantecmaBbeaonctamenBumcntomnaTeco-ce-==-8
TRANS 2650. .60 1.E-14 2.10 1008.
SHOME 2 2668. .Gg 1.E-14 2.1¢ 1000.
1. .1
3 .40 .10
1 1.E6 .2 1.
sum----x----c----2---------3---------4----.----5---«----3----.---.1----.----a‘
PARAM-==-lecmtomn- IR PO SO DR - S S
2 4 110093ﬁ1096000200711 F
"‘ . 1
1.€2 6.E3 .
46.E6 N 3 2860. .
RPCAPcvcclecncgoncc2eccagecccdecnctonnclcccegacccfocnagecncfecccgececlencce~=~~8
.30 .86
TIMESceceleccngecan2ececgeccaennctocacloccngecnbecccgacccfeccngecanlecccctac=-=8
2.E3
1.E3
ELEME----l----o----2----0----3--—-0----4----o----S----o----e----o----?---------a
1 9 1TRANS 10.
SHO 1 9 1SHOME 10.
SHO11 1 1SHOME 1.E4
CONNE-eveloneagoncaZeccagocccdoccctocnclcncngacscferccgecccfecccgencnTecccsc-=-=8
F 1F 2 1 6. 5. ) 8
F 3F 4 1 6. 6. 1.
F §F @ 1 E. 6. 1.
INCON=-==lecocsenmc2emmegaceedancntecmabaceatame-BocnctmcmaBammctaaaalacacseme=B
1
1.E6 - 20. 1.
F 2
1.E8 170. 0.
F 3
1.E8 .001 99.6
F 4
99.E6 .999 310.
F &
1.E6 100. Q.
F 6
18.E6 100. 1.
F 7
1.E6 20. Q.
F 6
1.E7 300. .
F 9
1.E§ . .99 $0.
F 10
40.ES 280. 0.
$HO11
§0.ES : . 248
SHO12
490.E6 100.
QENER----].---.----2----.----3----.----‘----.----5----.----6----‘----7----.----8
F 7AIR AIR s.E-3 9.882E4
F BWEL MASS ~1,.6€-2
F SHOT. HEAT 2.E6
F 10C0L . HEAT -6.ES
SHO 1P 1 MASS1 -1. 1.E6
SHO 2P 2 FUNY -1.
SHO 3P 2 2 1 1 4 MASS
@. ' 1.E2 2.2 4.E3
-8.1 - -0.2 -0.3 -1.1
SHO 6P @ 2 1 -] 4 MASS1
0. 1.E2 2.E2 4,.E3
-g.1 -0.2 -0.3 1.1
1.€6 2.E8 3.E¢6 1.1€7
SHO 9P ® 1 DELVY 1.E-12 1.€6
SHO1O0P 10 4 WATE1
- 1.E2 2.E2 3.E3
1.1 1.8 0.9 0.1
1.€8 1.2€6 1.4E8 3.0E6
SHO11WELOD 2 DELYV 1.€-12 1.E2
SHO12WELOD DELY 2.€-12 1.E6 1.E2
ENDCYerrolecnngerec2eccctrcncdocrctecacdrcnnpecccfeccngenccfrancgeccalcncsen=-=-8

Figure 8. TOUGH2 input file for sample problem 1 — code demonstration.



N

251 4 0

9

-55-

teseseasees VOLUNE- AND MASS-BALANCES PTTTTTTTrnnnrr OH T TET T AR LA
sransonnte (KCYC,ITER} = (0, 0) sname ) THE TINE IS O, SECONDS, OR 0. DAYS

PHASE VOLUMES IN PLALE
6AS 0.49950¢002 Nae3;  LIQUID 0.10050e+03 NHael

KASS IN PLRCE
GRS 0.14283e408 KE; LIGULD 0.89195e+07 K6;  AIR 0,383590¢03 KG;  VAPOR 0,B843be403 KE;  LIGUID WATER 0.89195e+407 K6

LILLIT]] lﬂ"l""“ll"IllIll"llI"I"l""II“"IIIIII""II!"“lilll"l"""IlHl"ll"l“l"ﬂl"ﬂlﬂ""“ll“"""ll"l

oo JTERATING. .o AT € 3, 1) =-- DELTER = 0,100000e+03 WAL, RES, = 0.393471et01 A1 ELEMENT SHO § EQUATION 2

585885884888 LIQUID PHASE EVOLVES AT ELENENT of 1o €138 PS = 0,420559¢405 PSAT = 0.233965e¢04

$658853554888885 BAS PHASE EVOLVES AT ELENENT oF  5¢ $5888  DAIR = 0.4795692-03  PX = 0,240509¢+07 PG = 0,433013e407
$338388585855388 GAS PHASE EVOLVES AT ELENENT «F  7¢ §8813  JAIR = 0.100168e-03  PX = 0.320895e¢06 PG = 0.8623503¢+04

o JTERATING... AT [ 1, 2) =-- DELTEN = 0,100000e¢03 MAX, RES, = 0,853043e+00 AT ELEMENT SHO 9 EoUATION 2

oo 1TERATING... AT C 1, 3) —- DELTEX = 0,100000e+03 MAL. RES. = 0,803526e-02 AT ELEWENT SHO 9 EQuATION 2

£ It 1, 4 ST =0,100000e403 DT = 0,100000e+03 D31e 0,23¢4470e¢08 D12+ 0.999953e401 ¥ = 20,006 P = 102347, § = 0.995926e+00

1eSANLe CODE DENONSTRATION: PHASE TRANSITIONS, COMPONENT (DI§-)APPEARANCES
DUTPUT DATA AFTER ¢ 1, &)-2-TINE STEPS : THE TINE 1S 0.11574e-02 DAYS
OGE!!!E!!!!!!!i!l!!!!!!!!!!!!!!!fl!!!!l!!!!!!!l!!!!l!!!llIllll!l!!!!l!!!!!!!!!!!!!!!!!!!!!!!l!!!!!l!!!!!!!!!E!!!Elllil!!!!!!!!!!!l!l

TOTAL TINE KCYC JTER JTERC KON [140] pxn ox WAX. RES. NER  KER DELTEX
0.10000e+03 i 4 ] 2 0.18455e407 0.100000402 0148542402 0.11514e-03 19 2 0.10000e+03

0!!!!!!!!!l!!l!!!!!!!!!l!!!!!!!!!!!!!!!!!I!!l!!!!!!!!!!l"lllllll!l!!!l!!!!l!!!!I!!!!!!!!!!!!!!!!l!!l!!!!!!!!!!!!!l!!!!!!!!!!!!!!ll!

OELEX, INDEX 4 7 14 sL IAIRG TAIRL PSAT peap 6 8
(PR (0E6-C) {PR) L H {KE/nee3)y  (KG/Mee})

F 1 1 0,10235¢+08 0,20006e¢02 0.99993¢+00 0,715010-08 0.985850400 0,1807¢¢-08 0,23373e+04 0. 0.120550401 0.99832e+03
F 2 2 0,64410e+04 0.1855%403 0, 0.100000401 0, . 0. 791792405 0. 0. 0877342403
F 3 3.0.105700¢05 0.99591€+02 0,83930¢~0) €.999342400 0, 81784¢-01 0,93740e~05 0.97856e405 0. 0.44428400 0.95842¢403
F & 4 0.98861e407 0,30930e+03 0,995274+00 0.733792-03 0.32622¢-02 0.47952¢-05 0,98562e407 0. 0.54829¢402 0,890930403
F 3 8 0.264550407 €,100050403 0. 37438003 0,995430%00 0.97540¢400 0.80887¢-03 0,10152¢+06 0. 0243410402 0.95531¢+03
F ¢ & 0,99585e407 0,999842402 0.100002401 0. 0.10000e+01 ©. 0.10127e+08 €. 0.92941¢+02 0,

F 7 7 0,61923e408 0,20005e+02 0.13511¢-03 0,995280400 0.97765¢+00 0.59159¢-04 0.23373e+08 O, 0734870403 0.93856e¢03
F B 8 0.58110e407 0,29995e403 0, 0.100000401 0, 0. 0.85855e¢407 0. 0. 0.71508e¢03
F 9 9 0,150452+04 0,10445¢403 0.87017+00 098254002 0.291492+00 0.49979¢-05 0.11535e405 0. 0.96334¢400 0.95473e+03
F 10 10 0,39597e+07 0,276282403 0.10000¢401 C. 0. 0. 0.60574407 0. 0.18037¢+02 0,

14 0.448732¢07 0,25017¢+403 052552400 0, 474480400 0,14192¢400 0.80067¢~04 0,39892¢+07 -.85490¢+03 0.233400402 0.79951e403
12 0,850002+07 0250002403 0500002400 0.500002¢00 ©,14823¢+00 0,83970e-04 0.39776e+07 -,82500e405 0,23483e402 0,79979¢403
§3 0,43235e407 0.24902e40) 0.§0’5Ql"00 0.49599¢%00 0.12258¢+00 0.65147¢-08 0,39128e+07 -.83001e+05 0,22393¢+02 0.801102403
SKO 4 18 0.43239+07 0,24902403 0.30401e400 0.495990400 0,122580¢00 0.88547e-04 0.39128e+07 -,83001e405 0.22393¢+02 0.80110e+03
SKO S 19 0.43239e407 0.24902¢+03 0.50401+00 0.49599¢+00 0,122582+00 0,86147e-04 0.39128¢+07 -, 43001e+05 0.22393e+02 0.80110+03
SHO & 16 0,447642407 0,24971e403 0,50805e¢00 0495750400 0,14789¢400 0.83275¢-04 0.39563e407 -,43006¢+05 0.233342¢02 0.60021e403
SHO 7 17 0847642407 0,24571e+03 0.50403e400 0.435750+00 0.14789¢400 0.83275¢-08 0.33563e+07 -.83006e405 0.233342402 0.80021e+03
SHO 8 18 0.48764e407 0,24978¢+03 0.50405¢+00 0,43595¢400 0.14789¢+00 0.83275e-04 0,39583e+07 ~.£3008¢405 0.233342+02 0.80021e+03
SO F . 19 0.327912+07 0,23713¢+03 0.55058¢400 0,449320000 0.39958e-01 €.15625e-04 0.31819¢+07 -, 68834405 0.16588¢+02 0.81772¢403
SHO10 20 0.45852¢+07 0,250252403 0,47289¢400 0.52711¢400 0.154550400 0,BB536e-04 0.39948e+07 -, 391110405 0.23743e402 0.79945¢+03
SKOLL 21 0,45429e+07 0,239942¢03 0. 0.100000¢01 0. ¢. 0.33441e407 ©. 0. 0.81498e¢03
SHOI2 22 0,32957e+07 0.99971e+02 0. 0.100000+01 0. 0 0.10122e405 0. 0. 0.95948e403

£33
i D o=

0!!!!!!!i!!!!!!l!!!!!!!ll!!!i!!l!i!ﬂ!!!!!!!I!E!!!!!!I!IIlllllll!!E!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!l!!!!!!!!!!!!!!!!0!!!!!!!!!!l!!l!

Figure 9. Selected output for problem 1.
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7.2 Problem No. 2 - Heat Pipe in Cylindrical Geometry

. Heat pipes are systems in which an efficient heat transfer takes place by means of a
liquid-vapor counterflow process, with vaporization and condensation occurring at the
hot and cold ends, respectively. Heat pipe processes occur naturally on a large scale
(kilometers) in two-phase geothermal reservoirs, and they may be induced artificially if
heat-generating nuclear waste packages are emplaced above the water table in partially

saturated geologic formations.

The present problem models such high-level nuclear waste emplacement in an
approximate way. The TOUGH2 input file for use with the F'.OS3 fiuid property module
is shown in Fig. 10. It specifies a cylindrical heater of 0.3 m radius and 4.5 m height, that
provides a constant output of 3 kW into a porous medium with uniform initial conditions
of 18°C temperature, 1 bar pressure, and 20% gas saturation. The MESHMAKER
module is used to generate a onc-dinxcnsional radial grid of 120 active elements extend-
ing to a radius of 10,000 m (practically infinite for the time scales of interest here), with
an additional inactive element of zero volume representing constant boundary conditions.
Properly speaking, the problem represents one unit of an infinite linear string of identical
heaters; if a single heater were to be modeled, important end effects would occur at the

top and bottom, and a two-dimensional R-Z grid would have to be used.

Most of the formation parameters are identical to data used in previous modeling

studies of high-level nuclear waste emplacement at Yucca Mountain (Pruess et al., 1990).

As we do not include fracture effects in the present simulation, heat pipe effects would be
very weak at the low rock matrix pcﬁncabilitics (of order 1 microdarcy) encountered at
Yucca Mountain. To get a more interesting behavior, we have arbitrarily increased abso-
lute permeability by something like a factor 10,000, to 20 millidarcy, and for consistency
have reduced capillary pressures by a factor (10,000)% = 100 in comparison to typical

Yucca Mountain data.
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«RHPe 1-D RADIAL HEAT PIPE .
MESHMAKER]-=c=8-co-2-cmegeaccdecacganmclanccsomceborcotoncaBonantmnnn
RZ2D
RADII
1
Q.
EQUID
1 ]
LOGAR
99 1.E2
LOGAR
20 1.E4
EQUID
e.0
LAYER----]----.---.2----.----3----..---‘---.‘----S----.----e---..----
4.5
ROCKS-=e~lommctmcraZmnmcgeamcdoaaagonn-n dececeoan- Bomemtmmn- Greoemme-
POMED 2650. .10 20 E-15 20 E-18 20 E-16 2.
START°---1----‘----2.---‘----3.---‘----‘----.----s----‘----a --------
PARAM=-=clomomgmmnn 2ecmctonan 3-coctoccloccctemmnBrnnctonecBamameomos
2 260 250030030@@000062 47 1
3.16676E8 -1,
1.E3 $.E3 9.E4 4 .ES
1.E-§ 1.€E00 1.E-7
1.E$ ©.20 18.
RPCAP-=celeanetecca2-cmcemmocdcmcctocadocen ¢ce=BemacemmraBocmatonos
7 0.45000 9.6E-4 .
7 0.45000 1.0E-3 6.0E-05 6.E8 1.
‘[IME?--.-]----‘----2----.---—3----‘.---‘----.----5---_‘----6 ........
3.16576E7 1.2689E8 3.16E76ES
!NCON---—I---—.----2-—--0---—3---—‘—---‘----O---—s----o ------------
GENER--==1--==8o=cc2ecoce-cc=3encn DO S DO PR IR
Al 1HTR 1 HEAT 3.2
ENDCY----‘----.----2----‘----3-.--.----‘----.----5----‘----8 --------

~

~N~ 8w

Figure 10. Input file for problem 2 — heat pipe in cylindrical geometry.

The reason for choosing a constant rate of heat generation rather than accounting

for the natural decline of high-level wastes is that this way the heat pipe problem admits

a semi-analytical solution in terms of the similarity variable r/(t).'s (O’Sullivan, 1981;

Doughfy and Pruess, 1990): Under the stated conditions, the partial differential equations

for this complex transient two-phase flow problem can be transformed into a set of ordi-

nary differential equations in the variable rl(t)”. which can be easily §olvcd to any degree

of accuracy desired by means of one-dimensional numerical intcgréuion. Comparison

with the similarity solution affords a rather comprehensive code verification, as all of the

non-linearities of two-phase flow behavior (relative permeability and capillary pressure)

and of fluid and heat flow coupling are rigorously described by the similarity solution.
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Figure 11 shows profiles of temperature, gas phase pressure, liquid saturation, and
air mass fraction as a functionof z = log[rl(t)y']. The dotted line labeled *‘coarse mesh’’
represents the conditions obtained from TOUGH2 with the input file of Fig. 10 after ten
years (3.15576 x 10° sec). In order to examine space discretization effects, two additional
runs were made, labeled *‘medium mesh’* and ‘‘fine mesh,” respectively. ‘The MESH-
MAKER input data for these runs are shown in Fig. 12; otherwise the input file was the
same as in Fig. 10 (except for unimportant differences in printout times). Figure 13 com-
pares the fine mesh results (points) with the exact similarity solution as calculated by C.

Doughty (Doughty and Pruess, 1991). The agreement is excellent.

4 - 200 . : - — , 1

160 0.8
3 -
A e | E8
g o 120 MESH 106 &5
o o] 2 | N[ | - coarse 3&E
3 e I N - medium 8 8
3 a fine o g
i QE’ 7 0.4 g. -
- . J<
14 |
aof ; \ 102
| - : J
0 -| 0 T A 1 L 1 0

-10 -9 -8 7 6 5 4
Z = log (/1))

XBL 904-5833

Figure 11. Profiles of temperature, pressure, liquid saturation, and air mass fraction for
problem 2.
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MESHMAKER1=-=-g-cc=2-ccc@ccccdanccgoncalorrrteaacfoccctacacBoccatmaccTmcams-a=-8
RZ2D
RADII
3
e. .3 4
LOGAR
99 1.E2
LOGAR ‘
20 1.E4
EQUID
1 6.0
LAYER--=-1=ccetecon2encctecacdoccctoncchncactonccbonactocecfanantecaclrmmasmcacB
1
4.5
S PIPURPYIIRE JPRIPIPIII PRSP JP SOOI DU SN -
MESHMAKER1===cgocc-2-cceatecccdecectrrenbocretoneabocmctecacBenaatecanlamactmaenB
RZ2D
RADII
2
e .3
EQUID
6 .2
EQUID
70 .03
LOGAR .
10 10.
LOGAR
10 1.E2
LOGAR
106 1.E4
EQUID
1 6.0
LAYER-===l-cmcger=cZeceabmacadeccctorncdocctocccfoncctonccBonactaaaaleamre-cacB
4.5
B e D Trs JSUDYURERS. PP FIEPN SR  MIPORI, JPIPOI |

Figure 12. MESHMAKER input for finer gridding in problem 2.

Figure 14 reproduces the summary of program units used in sample problem 2, as
printed at the end of the output file. Besides documenting the versions and dates of sub-
routines, this listing is instructive as a record of the calling sequence of program units

during execution.

The input file as shown in Fig. 10 can also be executed with the EOS4 fluid property

module, which includes vapor pressure lowering effects. Part of the output generated
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1
a
Xg i
160 | 08
3 60 T s‘
%) I 1 €5
@ o «ocs TOUGH2 58
S o 120f similariy 196 E g
o 24 2 i solution To
2 5 > g
2 & eof {04 '-g_ E
ﬁ'_ }Q_) | P., s i = <
1 -
40 ) 40.2
0- Ole—eselo - . 0
10 -9 -8 -7 -6 -5 -4
Z =log (/1)
XBL 904-5834

Figure 13. Comparison of TOUGH2 results with similarity solution.

when running with EOS4 is shown in Fig. 15; this can serve as a benchmarking reference
for the EOS4 module. The results are actually quite similar to those obtained with EOS3,
except that because of very strong vapor pressure lowering effects, drying-but near the

heater is slowed.
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]
[}
]

SUMNARY OF PROGRAM UNITS USED ¢
)

0000!!0|0l|0l.|.Ii'lll|Ill'lIll!ll!ll|lil.lllllll|lllllllllllll!llllll!IIlIQIl.lill|.|lll|||lICIlIiIlIOCIlI!'lIlllllll.lll.ll!!!ll.

UNIT  VERSION  DATE COMNENTS
10 1.0 ISAPRIL 1991 OPEN FILES SVERSs, aMESH?, ®INCONs, GENERs, GSAVEG, eLIKEQS, AND TABLES
T0USH2 1.0 29 MARCH 1591 WAIK PROGRAM
IPUT 1.0 ILAPRIL 1991 READ ALL DATA PROVIDED THROUGH FILE eINPUTs
WESHE 1.0 20 MAY 1990 EXECUTIVE ROUTINE FOR INTERNAL MESH GENERATION
R 1.0 SAPRIL 1991 CALCULATE 2-D R-I MESK FRON INPUT DATA
WRI2D 1.0 26 MARCH 1991 WRITE DATA FOR 2-B R-Z KESH OK FILE eMESHs
PRI 1.0  2PMARDH 1991 WAKE STRUCTURED PRINTOUT OF 2-D R-2 MESH
FLOP 1.0 SLAPRIL 199  CALCULATE NUMBER OF SIGNIFICANT DIGITS FOR FLOATING POINT ARITHNETIC
RFILE 1.0 23 APRIL 1991 INITIALIZE BATA FRON FILES SMESH: OR eNINCe, eGENER®, AKD GINCONS
oeIr 1.0 SWRCH 1991 EXECUTIVE ROUTIE FOR NARCHING IN TIE
E0S 1.0 2B WARCH 1991 #EOS3s ... THERMOPHYSICAL PROPERTIES MODULE FOR WATER/AIR
SAT 1.0 22 JANUARY 1930 STEAN TABLE EQUATION: SATURATION PRESSURE AS FUNCTION OF TENPERATURE .
COKAT 1.0 22 JANUARY 1990 LIQUID WATER DENSITY AND INT, EXERSY AS FUNCTION OF TENPERATURE AND PRESSURE
SUPST 1.0 29 JANUARY 1§90 VAPOR DENSITY AMD INTERNAL ENERSY AS FUMCTION OF TENPERATURE AND PRESSURE
VISK 1.0 . 22 JANUARY 1990  VISCOSITY OF LIQUID NATER AS FUNCTION OF TEMPERATURE AXD PRESSURE
VISCO 1.0 1 FEBRUARY 1950 CALCULATE VISCOSITY OF VAPOR-AIR NINTURES
covis 1.0 1 FEBRUARY 1990 . COEFFICIENT FOR GAS PHASE VISCOSITY CALCULATION
VISS 1.0 22 JANUARY 1990 . VISCOSITY OF VAPOR @S FUNCTION OF TENPERATURE AMD PRESSURE
RELP 0.0 25 JAKUARY 3990 LIOUID AND GAS PHASE RELATIVE PERMEABILITIES AS FUNCTIONS OF SATURATION
PP 1.0 CWRCH 1991 CAPILLARY PRESSIRE &S FUNCTION GF SATURATION
nus 1.0 SNARCH 0990 PERFORM SUMNARY BALANCES FOR VOLUME, KASS, AXD ENERSY
ST1EP 1.0 SWARCK 1991 ADJUST TIME STEPS 0 COINCIOE NITH USER-DEFINED TARGET TINES
MLTL 1.0 JOMARCH 1991 ASSEMBLE ALL ACCUNULATION AND FLON TERMS
o 1.0 22 JANUARY 1890 ASSENBLE ALL SDURCE AND SINK TERMS
LIER 1.0 Z2JANGARY 1990 INTERFACE FOR THE LINEAR ECUATION SOLVER MA28
AC19h .. HARNELL GUBROUTINE FOR SCALING RATRIX
CONVER 1.0 QMARCH 4991 UPDATE PRINARY VARIABLES AFTER CONVERGENCE 1S ACHIEVED
PP 1.0 1 FEBRUARY 1990 CALCULATE VAPOR PRESSURE, DENSITY, INT. ENERSY AS FIF,T,D)
00 1.0 SMARCH . 1991 - PRINT RESULYS FOR ELEWENTS, CONNECTIONS, AND SINXS/SOURCES
WRIFI 1.0 22 JANUARY 4990 AT THE COMPLETION OF A TOUSH2 RUN, WRITE PRINARY VARIABLES OX FILE eSAVES

Figure 14. Calling sequence of program units in problem 2.
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teessneases VOLUNE- AND MASS-BALANCES 0080000000000ttt otacototetiesttatittetototadiett et sttt teaic ittt et tittetesinaeent

sreaseanes [KCYC,ITER) = (

6, 0} s1ene THE TIME IS 0.

PHASE VOLUNES IN PLACE
GRS 0.28274e008; LIGUID 0.311310e+09

MASS IN PLACE

EAS 0,33561e+08; LIGUID 0.11255e+12; RIR 0.34505e408; VAPOR 0.‘8!31!006; LIcutD HTE& 0.11295e+12

SECONDS, OR 0.

DAYS

Cliitllillilliililllllll'illll'lllllll'lllllllllllllICIIIIIIIlillll'llllllllIll.lll!lllll!"ll.ililIilllI!ll.llillllllll.ll!lllll.

3]
A1
a1

KTelr MUMERICALLY SINSULAR

a1
L
A1
At
i
L}
a1

&l 2

a1
i1
A1
Rl
&1
a1
A1
Al
a1
a1
&1
&1
Al
3]
A1
#
41

1t
1t
|

H
1
2
H
1t
2
M|
H
it
i
i
i
"
1t
[
1
1"
2
2
1t
r{l
2
2

1
2,
3

3) ST = 0.10000Ce+04 DT = 0.100000e+04 DX1= 0.3487852+02 D17> ~.154853e-03 T = 19,045 P =
4) ST = 0,100000e+03 BT = 0.900000e408 DXl= 07448282401 DX2> -.1289.9e-02 7 2 27,284 F »
&) ST = 0.1000C0e+06 0T = 0.500000e+05 D31 0.980597e+01 D22= -, 352032e-02 T = £3.142P =
PERFORN NEW DECONPOSITION

8) ST = 0.500000e405 DT = 0.4000002+06 DXi= 0,45575%+04 0325 0.1173220¢00 T = 100685 P =
6 ST = 0.900000e+08 BT = 0.400000e+06 BIl= 0.130323¢+05 D12 0.22870%400 T = 104,237 P =
5) ST = 0.130000e+07 BT = 0,400000e408 DX1= 0.812847¢+04 012« 0.670902e-01 T = 105.708 P =
4) ST = 0.170000e+07 §T = 0.400000e+04 DIl 0.427324e+08 D125 0.345384e-03 T = 105.492 F =
7 ST = 0.250000e+07 0T = 0.8000002408 DI1s 0.2100992408 0125 0.573845e-01 T = 100,223 P =
S) ST = 0,330000e+07 BT = 0.€00000e+04 DXle 0,504930e+04 P22= 0,720178e~01 T = 109,160 P =
5) ST = 0,410000e+07 BT = 0.800000e+06 BIi= 0.335713e¢04 D12= 0.523432¢-01 T = 109,672 P =
&) ST = 0,490000e+07 BT = 0.800000e+04 X1 0.297370e+08 DI2= 0.479475e-01 T = 103,475 P »
7 ST = 0.450000e+07 BT = 0.180000e+07 DX1= 0.1731442404 DX2= 0.488149e-03 T = 100,123 F =
&) ST = 0.610000e407 BT = 0.160000e+07 DXis 0.357581e+04 DX2= 0.43004%e-01 T = 112,063 P =
&) 5T = 0.970000e407 BT = 0.1400002+07 DIs 0.259135e+04 DI2= 0.232400e-01 ¥ = 112,472 P =
€) ST = 0,113000e+08 BT = 0.140000e+07 BX's 0.203588e+04 DX2+ 0.120255¢-01 T = 113,286 F =

" 61 ST = 0.3230000408 DT = 0.1600002407 DIfs 0,19537Ce+04 DI2e 0.605740e-02 T = 314,383 P »

8) §T-5 0.145000e408 BT = 0.140000e+07 Bi= 0,920051e¢03 125 0,375059¢~02 T = 116,820 P =
8) ST = 0.181000e408 0T = 0.180000e¢07 DIt= . 107512e+08 D22 0.143879¢-02 T = 122,848 P =
B} ST = 0.177000e+09 BT = 0.140000¢+07 Biis ~.443019¢+04 DI2= 0.522534e-03 T = 134,405 P =
7) ST = 0.193000e408 DT = 0.380000e+07 OX1s -.711043e+04 $12s 0.188214e-93 T = 146,170 P =
61 5T = 0.209000+08 DT = 0.100000e+07 DX1s -, £596¢8e+04 D125 0.737170e~08 T = 155,229 P =
S) ST = 0.225000e¢08 BT = 0.180000e+07 DIfe -.998481e403 032s 0.150070e-04 T = 342,588 P =
$) ST = 0,2410002+08 3T = 0.1500002+07 DXis 0.112088e404 D225 0.133118e-01 T = 109.720 P »
S) ST = 0,257000¢+08 BT = 0,340000¢¢07 DIis 0,924703e+03 D22= 0.625090e-02 T » 110,127 ¢ =
&) ST = 0.273000e+08 87 = 0.160000e+07 DI1s 0.761429e+03 D12+ 0,953991e~04 T » 148,185 P »
61 ST = 0.289000e+08 0T = 0,180000e+07 DXls 0.576302e+03 D12= 0,3502282-02 T = 111,219 F =
6} ST = 0,305000e+08 BT = 0.140000e¢07 818 0,3163582+03 DX2= 0,255778e-02 1 = 112,510 P =
$§) ST = 5,315576e408 0T « 0.105760e+07 D2ls -.231427e403 012= 0.305435e-02 T = 133.937 F =

100015, S = 0.199843e+00
100022, S = 0.198533e+00
100032, S = 0.195033e+00

104590, § = 0.312935¢+00
117622, § = 05418842400
123748, § = 0.608735¢+00
128022, S = 0.643289400
102141, S = 0.242792¢400
139207, § = 0. 7643302400
142558, S = 0.B18473e400
134541, § = 0.498440¢400
101772, § = 0.229182e+00
153039, S = 0.9853418e400
155630, S = 0.972834e¢00
157718, S = 0.988575e400
159670, S = 0.992737¢+00
140550, § = 0.995487¢+00
155515, S = 0.9979262+00
155085. S = 0.93844%e+00
$47¢ 8, S = 0.998537e+00
141376, § = 0.938712e+00
140375, S = 0.9597282400
181038, § = 0.9754200400
142081, § = 0.984111e+00
142826, 3 = 0.998729¢+00
183404, S = 0.993189e400
143722, § =.0.993726e400
143491, S = 0.9947830400

L O T R L L R LR R L LR L T L L T e Y L e T L L T L L T T Y]

Figure 15. Selected output for problem 2 run with EOSA4.
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1 0.18349¢006 0,15750e+03 0.99878e+00 0.125942-02 0.35725e-24 0,57648e-29 G.35E63e-19-0.301492409 0,7128b¢400 0.89983e+03
2 0.14349405 0.113942¢03 0.95878e¢00 0.321%3e-02 0. 0. 0. -0.21872¢408 0,818592400 0.94765e+03
3 0.129742¢08 0,10710e+03 0,B5159e+00 0.13841e400 0. 0. 0. -0.140282406 0,75318e+00 0.95289e+03

& 0.11867¢+08 0,10445¢+03 0.80988000 0,390%82000 0,28847¢-15 0.34780e-20 0.21637¢-10-0,38757¢405 0.49187¢+00 0.95487¢+03
S 0.10947¢405 0102182403 0.413142+00 0.585842400 0.26627¢-10 0.29418e-15 0.18295¢-05-0.1943%¢+05 0,64255¢+00 0.95854e+03
& 0.10179¢+05 0,10013e+03 0.22292¢+00 0.77708e+00 0.265382-05 0.27444e-10 0,17073e400-0, 10651403 0.80028¢¢00 0.95803¢+03
7 0.100082¢08 0,92618e402 0.37375¢+00 0.82621e+00 0.31731+00 0.354392-05 0,22589¢405-0,68079¢+04 0,68029e+00 0.96334e+03
8 0.100042+08 0.865482+02 0.17497¢+00 0.82503e+00 0.545652400 0.69191¢-05 0,83044¢+05-0,88525¢+04 0,76792¢+400 0.56869¢+03
9 0.10004e405 077696402 0,17412¢+00 0.82388e400 0,47787¢+00 0.91519¢-05 0.56934¢+05-0,88957¢+04 0.83381¢400 0.97309¢+03
10 0.100042+06 0.71563¢+02 0.17726¢+00 0.822763+00 0.76157¢+00 0.10728¢-08 0.85715¢+05-0.89379¢+04 0.88515¢+00 0.97478¢+03
11 0.10004¢+08 0.85097¢+02 0.17833¢400 0,82167¢400 0817792400 0,11850e-04 0.73782¢405-0.89793e404 0.92630e¢00 0.57990e+03
12 0.10008e+06 0,81193e+02 0.17941¢+00 0.82059¢+00 0,85718e+00 0.12698e-04 0,76957¢+05-0.90200¢+04 0.95008e+400 0.98256e¢03
13 0.10004e+05 0,56768¢+02 0.160482¢00 0.E61952¢+00 0.885700¢00 0.13529¢-0¢ 0.62921+05-0.505042+404 0,95840+00 0,984832+03
14 0.10004¢908 0,52757¢+02 0.18158e+00 0.81B48+00 0,90888e+00 0.13611e-04 0.85717¢+05-0.910042+04 0.10125e+01 0.98478e+d3
15 0.10004e+08 0,49116e402 0.18259¢+00 0.61741¢200 0.92292e+00 0.14184¢-04 0.882382+05-0.91402¢408 0.10333e+01 0.986472+03
16 0.10004e+08 0. 4S806+02 0. 18363400 0.81637¢+00 0.93528+00 0.1447be-0% 0.90055+05-0,91798e+04 0.10515e+01 0.98992¢+03
17 0.100042+06 0.427942+402 0.18887¢+00 0.81533+00 0.94893e¢00 0.14707¢-04 0,914942+05-0,921920404 0.108742401 0.97116e+33
18-0.100082+04 0,40052e+02 0.168571e+00 0.81429¢+00 0.95256e+00 0.14872e-04 0,92645e+05-0.925842+04 0.108162+01 0.95227¢+03
19 0.100042+08 0.37558e402 0.18573e400 0.B1327e+00 0.958892+00 0.15041¢-08 0,93573e+05-0.929742404 0.10942¢+01 0.99321€¢03
20 0.100082+06 0,35291¢+02 0, 167750400 0.81225e400 0.96362¢400 0.15183¢-04 0,54327¢405-0,93359+04 0.11054e+01 0.99402¢+03
21 0.100042+08 0,33235e402 0.18875¢+00 0.811250400 0.956763e400 0.15262¢-08 0,949442405-0.93739¢+04 0.11155e+01 0.99472e+03
22 0.100042+06 0,31374e+402 0.16973¢+00 0,81027e+00 0.97052¢400 0.15343¢-04 0.95452¢405-0.94112¢+04 0.11244e401 0.99533e+03
23 0.100082+08 0.29693¢+402 0.19065¢+00 0.80931¢+00 0.97383e400 0.15413e-08 0.95872¢405-0.944742+04 0.11325e+01 099585403
24 €.100082+05 0.26161¢+02 0.191612+00 0.80839¢+00 0,97567¢+400 0.15487¢-04 0.95221¢405-0,94828e+04 0.11397e+01 0.97429¢+03
25 0.100082+08 0268242402 0,19250¢+00 0.80750e400 0977742400 0.15514e-04 0,95511¢405-0,951662+08 0.114b1e+01 0,95667¢403
26 0.100042+05 0,256132¢02 0193342400 0.80686¢+00 0979302400 0.15553e-08 0.94755¢+05-0,954882+04 0.11518e+01 0.99700e¢03
27 0.100082+08 0.245342¢02 0.194140400 0.8058562400 0.98040e+00 0.155B6e-04 0.949592+05-0.95792e+08 0.11589¢+01 0.99726e+03
26 0.10008208 0,23579e402 0. 19488400 0.80512¢400 0.981702400 0.15813e-08 0,97130e+05-0.95076e+08 0.11814e+01 0.99752¢¢03
29 0.100042+408 0,22738e402 0,19557¢+00 0,B0843e+400 0.98262¢+00 0.15636e-04 0.972742+05-0,98337¢+08 0.11853e+01 0.99772¢+03
30 0.10008e+05 0,219982+02 0.19620¢+00 0.80380e¢00 0,98339¢+00 0,15656e-04 0,97395e403-0.96377e+04 0.11288e+01 0.97769¢+03
31 0100042406 0,2135¢e40Z 0.198762¢400 0.803242¢400 0,984042400 0.35672e-04 0.97497¢+405-0,967942+048 0.11718e+01 0,99803e+03
32 0.100082+08 0207942402 0,19727¢+00 0,80273e+00 0.98458e+00 0.15682¢-08 0.975820+05-0,94987¢+04 0.11744e+01 0,99816e+0)
33 0.100042405 0,203152¢02 0.19772e+00 0.602262400 0,965032+00 0,15697¢-04 0,97653¢405-0.97159e+04 0.117bbe+01 0.99826¢+03
34 0.10008e+05 0.19903e+02 0.19811¢+00 0.80189¢400 0.985¢12+00 0.15707¢-04 0.977132+05-0.97309¢+404 0,11765e+01 0.99834e+03
35 0,100030+08 0.195540402 0.19545e+00 0,80155e+00 0.985732+00 0.15715e-04 0.97762¢+05-0.974362+04 0.11802e01 0.99841e+03
3¢ €.10003¢+08 0,1925%¢+02 0.198742+00 0.80126+00 0.98599¢+00 0,15721¢-04 0.97803e+05-0,97549¢+0¢ 0.11615e+01 0.99847¢+03
17 0.10003e+0¢ 0,19012¢+02 0.19895+00 0.80102e+400 0.98521e¢00 0.15727¢-04 0.97837¢¢05-0.97643e+04 0.11827¢+01 0.§9852¢+03
38 0.10003e+08 0,16808e402 0.199192+00 0.80081e400 0.985382+00 0.15731e-04 0.97665¢+05-0.97722e+08 0,11834e+01 0.99858e+03
36 0.10003e+08 0,16538e+02 0.199380¢00 0.800682¢00 0,98£532¢00 0.15735¢-04 0.97887¢+05-0,97787¢+04 0.118442+01 0.99855¢+03
40 £.10003e+05 0,18500¢02 0.19950e400 0.80050e+00 0.$8585+00 0.15738¢-04 0.97905e405-0.97841e+08 0.11851e+01 0.99852¢+03
41 0.10603e+08 0.18388e+02 0.199610400 0.80039¢+00 0,.98578e+00 0,15740e-04 0.97920e+05-0.97884e+04 0.11658e+01 0.99804e+03
42 0.10503e406 0.18298e+02 0.19970e+00 0.80030e+00 0.98581e+00 0,15742¢-04 0.97931e+05-0.97918e+04 0.11850e+01 0.598550¢03
& 3.16097e408 0182270402 0159770400 0,80023¢400 0,98587¢+00 0,15743e-04 0.97940¢405-0.9794e¢04 .116t3e+C1 0.998s2e¢03
At §.10593e008 ©.181710402 0, 199230400 0.80017e+07 0.95592e000 0.15745e-04 0.97947€+05-0.97967e+04 0.1186be+01 0.99853e 03

CERREELELELNERPELEREERRALICRLEEORLRRERRORRLERRELERRROLILEREEREREREEORRELRRORRRRERECRRRLREERRAERRRRERRERERRRERLRRERCELALELRORENLE

Figure 15. (continuecd) Selected outgut for problem 2 run with EOS4.
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7.3 Problein No. 3 - Heat Sweep in a Vertical Fracture

In many geothermal fields there is cvidence of rapid migration of injected fluids
along *‘preferential flow paths,” presumably along fractures. The present probicni is
designed to study thermal interference along such paths, by modeling nonisoihcnﬁﬁl
injection into and production from a single vertical fracture, as illustrated in-' Fig. 16
(from Pruess and Bodvarsson, 1984). The fracture is bounded by scmi-inﬁr'lvi‘tc half-
spaces of impermeuble rock, which provide a conductive heat supply. Initial temperature
is 300°C throughout. Water at 100°C temperature is injected at one side of the fracture
at a constant rate of 4 kg/s. Production against a speéiﬁed wellbore pre‘ssure'.occurs at the
other side, at a distance of 240 m from the injection point. Problem parameters are given
in Table 11, and the TOUGH2 input file for injecting at point 1” and producing at point P

is shown in Fig. 17.

\ w3.04m.¢‘ 0.5
<
-~ N>
E
H=200m :
E
" \-
[ ]
'
'
................. »---------------L‘
e L:240m -

XBL839-2230

Figure 16. S'chcnjal.ic diagram of injection-production system in vertical fracture. Iand
I” are injection points, P and P” production points.
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Table 11. Parameters for Fracture Flow Problem

Rock
Thermal conductivity 2.1 Wm°C
Specific heat 1000 J/kg°C
Density 2650 kg/m3
Permeability . 0
Fracture
Height 200m
Length 240m
Aperture 0.04m
Permeability 200 x 10~*? m? (= 200 darcy)
Porosity 50 %
Initial Conditions
Temperature 300°C
Pressure _ hydrostatic profile
Average pressure - 100 bar
Injection
Enthalpy ' 42x10° J/kg (appr. 100°C)
~ Rate 4 kg/s
Production
Productivity index 4x10% m’
Flowing pressure 96.5 bar

- A special feature of the problem is that the semi-analytical method is used to describe

'hcat conduction in the confining layers (see Section 5.4), reducing the dimensionality of
the problem from 3-D to 2-D. Water remains in single-phase liquid conditions
throughout, so that no data block ‘RPCAP’ for relative permeabilities and capillary pres-
sures is needed.

The problem -uses the EOS1 fluid property module, and is run in three separate seg-
ments. A first run performs mesh generation only, using the MESHMAKER/XYZ
module. For this run, the data records from ‘MESHM’ through ‘ENDFI’ in the input file
are inserted right behind the first record with the problem title. The mesh consists of 12

horizontal by 10 vertical blocks of 20 m x 20 m. Ordinarily, we would specify NX = 12
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eRVFe - VERTICAL FRACTURE

ROCKS-===lecvetocceerectocccdacccteccclocccgocc-BoccatacacBonnnsocnaloccco--u-f
FRACT 2650, ’ .58 200.E-12 200.€-12 200.E-12 9.00 1600.
CONBD 26506. .00 6.E-12 6.E-12 @.E-12 2.1 1000.
START-cccl-ccce-cocQecucgoeccBrncctecccbocectecmcboccceccaGococe-ccToccco--=-8
PARA”----l----.00-02----‘---03----.-—0-‘----.----S"--‘----6----.-°--7---"°“°8
1 40 99100020000000021
1.57788EB -1. A1312 $.81
léE2 9.E2 9.E3 9.E4 9.ES 2.E¢ 5.E6
1.E-8
100.ES 300,

GENER--=clccccocccc2ecncteccnecnctonnrlecctmmecbercctncccforactenc-Teocuce-=~-8
A18 1INJ 1 MASS 4. 4.2€E5
A1312PRO 1 DELYV 4 .E-12 9.65€E6
ENDCY
INCON-=-=-levccgmncc2ecnmctacccdoccctocncdonnctecccBoccctmcanfennctmncaTanmcs-c=cf
MULTI----]ccc-e-cac@ecccteccnBeccctocccdoncogeccabocccgocacfonertmcnaloemct=o=8

1 1 2 6
ENDCY----]c-ces-nac@ecccoecacTocncteonclocccgeccaboccngocacfanna-tmncalracce=-==-B
WMESHMAKER]----8-=c-2-c-ceecccdecuctococdonccscccaboccctonncBonacgonnaTonmcteaacl
xXy2

00 .

NX 12 20.
NY 10 20.
NZ 1 .04

(721 S PRSP NP YR BRSPS RSP SPRI JP. |

Figure 17. Input file for problem 3 - heat sweep in a vertical fracture.

and NZ = 10 to make such a2 mesh; however, special considerations arise here because
we desire appropriate sprface areas for heat conduction to be placed in the MESH file.
By default, in the MESHMAKER/XYZ module the interface areas with impermeable
confining beds are always taken to be in the X-Y plane, so that in 2 mesh with vertical
Z-axis the interface areas for conductive heat transfer will be assigned to the top and bot-
tom‘boundaries. To properly assign the desired lateral heat transfer areas, the mesh is
generated as an X-Y mesh (NX = 12, NY = 10, NZ = 1), and the Y-axis is specified to
make an angle of 90° with the horizontal, i.e., to point in the vertical direction. The
MESHMAKER input terminates on ‘ENDF}’, o bypass the fiow simulation and to limit
processing to mesh generation only. Figure 18 shows the mesh pattern printout generated
by TOUGH2. The elements *A13 1” and ‘A18 1’ comrespond to the injection points i and

I, respectively, in Fig. 16, while ‘A1312’ and ‘A1812" correspond to the production
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points P and P*. The MESH file is then edited, and a *‘dummy’* clement of zero volume

is appended at the end of the ELEME block, to provide the thermal data for the conduc-

tive boundaries. This element belongs to domain # 2 (specify MA2 = 2); and is initialized

with the default conditions of 300°C temperature.

l!.illi.'lll.’llIC!I!!!O!!0l.lil|!l|lllllllllllIIl!llIQCOQQQQQOIOOQIOCOQIICllllli'lll!llll.illllliICII..Qlli’!!ll(!lll.l!ll!'!i"ll0

CARTESIAN MESH KITH NXsNYeN2 = 32 s 10 | GRID BLOCKS

ClIllllllll'IllilllGlll!llI!!lllIlllllli'lllllillllllilllllIllllilllll.lIOl||l'lll|!l||lllllllIQIllllll.l!ll!!.llllllll'll‘llll.li.

L ]

L I B B )

THE BESH MILL BE PRINTED AS SLICES FORK = 1 TOK s ¥l =
IN EACH MESH SLICE, RONS MILL GO FRON J =1 703 =Ny = 10

IN EACH ROW, COLUMNS MILL €0 FROM I=1101=h1s 12

- & > & - e w

CEEERIESt Rt INTIRS RN SRR R s R OOt RN L RN HERERIRRIROIRERISIERRERIRETONORIRRTRERORIRIRII MR REE R RLIIR IR IO S

SLICEWITHK =

Cﬂwﬂll"l 2 3 4 H 8 ? e % 10 11 12 13 M 5 1 17 18 1

RONS
Js=

e G G G Go G Gu G4 Go

L O T L L S R L T L L L L T L L L A A T L S T

WESH

A11 § AI1 2 411 3 A1 & AL S ALL & A11 7 AIL € A1 9 AT110 AIEID A1112
A12 1 A122 M2 3 A12 4 R12 S Q12 & A12 7 A12 B A12 9 A1210 A1211 A1212
A13 L A13 2 A13 3 A1S 4 A13 5 A13 & A13 7 R13 € A13 9 A1310 A131 A1312
816 1 R1E 2 A1E 3 AL4 & RIS S ALE & AL4 7 ALS B A4 § AL410 A1411 A12
A13 1 R13 2 A15 3 A15 & A5 T A1S & RIS 7 A15 € A15 9 A1510 AISIE AIS12
R16 1 ALS 2 A16 S A1 &A1& S QLS & RIS 7 ALL 8 A18 9 AJL10 ATSIL ALAM2
A17 3 RI7 2 R17 3 A17 4 A17 S A17 & A17 7 A1T € A17 9 AI710 AITIY K172
‘A18 1 A1E 2 A6 3 A13 & A18 5 A8 & A18 7 A8 € /18 9 A1810 A1811 AL612
R19 1 419 2 Q19 3 A17 & A19 § A19 & A19 7 A19 8 A19 9 A1510 A1913 AL912
1A T AIA 2 AIA 3 ATA S AIA S RIA & ATA 7 AIA B AIA § AIAL0 AIATL A2A12

BN WA SN -

-

GERERATION COMPLETE --- EXIT FRON MODULE SMESHMAKERs

Figure 18. TOUGH?2 printout of mesh pattern in problem 3.

The next processing step calculates a hydrostatic presﬁure equilibrium in the frac-
ture under isothermal conditions. This calculation uses the modified MESH file obtained
above, and requires several small modifications in the input file of Fig. 17. The time step

counter MCYC is changed from 40 to 4, as 4 time steps are sufficient to obtain an accu-
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rate gravity equilibrium. The generation items need to be removed, which can be
achieved by deleting them from the input file or, more simply, by changing the ‘A’ in the
host element names to 'B". so that generation will then occur in elements »BIS 1 and
B1312, which are “‘unknown’’ (not present in the MESH data) and hence will be
ignored. The convergence tolerance RE1 is changed from 1x 107 10 1 x 1075, to achieve
a tighter control on gravity equilibium. The ‘ENDCY’ statement preceding the
*INCON’ record is removed, to enforce default initial conditions by way of an empty
INCON data block, and to engage the MULTI data block with specifications of
(NK,NEQ,NPH,NB) = (1,1,2,6) for an isothermal calculatipn (mass balance only). We
also set MOP(15) = 0, to disengage the semi-analytical heat exchange calculation. Grav-
ity equilibration results in a pressure trend ranging from 106.34175 bars in the bottom
row of grid blocks (A1A 1, AlA 2, ..., A1A12), to 93.70950 bars in the top row (A1l 1,
- Al112).

The subsequent production/injection run uses the input file exactly as given in Fig.
17, with the MESH file as used in the gravity equilibration. The SAVE file produced by
the gravity equilibration run is renamed file INCON, and used for initialization, after
removing the last two records and replacing them with a blank record, to reset time step
and simulation time counters to zero. The specified maximum time of 1.57788 x 10%
seconds (5 years) is reached after 37 time steps; at this time production occurs with a rate
of 3.9998 kg/s and an enthalpy of 0.87031 MJ/kg; temperature in the producing element
is 203.25°C. A plot of the transient temperature changes at the producing element is
given in Fig. 19,

The fracture productionlihjection problem lends itself to several interesting exten-
sions and variatiqns. These can be implemented by means of small modifications in the
input file and are mentioned here without giving calculational results. For example, the
problem could be restarted with a zero injection rate, to examine the rate of temperature

recovery in the production block. Initial conditions could be chosen appropriate for
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Time (Days)

1 10 100
300 | : I

280

280 I~

Temperature (°C)

| | ] { |
10° 107 108

Time (Seconds)

XBL908-6724

Figure 19. Produced fiuid temperature versus time for vertical fracture problem.

depleted zones in vapor-dominated reservoirs, ¢.g., T = 240°C. P = 8 bars, to examine
injection response with strong vaporization effects. Note that for injection into vapor-
dominated systems, two-phase conditions will evolve and a data block ‘RPCAP’ with

relative permeability and capillary pressure data will be required. We point out that

_strong grid orientation effects may arisc when modeling water injection into vapor-

dominated resevoirs and careful mesh design or inclusion of diffusive effects (capillary
pressures) is required to obtain realistic results (Pruess, 1991). Parameters
(NK,NEQ,NPH,NB) = (2,3,2,6) could be used with injection type ‘COM2’ instead of
*‘MASS’, to inject ‘‘water 2'* and thereby track the advance and arrival of injected water

at the production point. The problem could also be run with the EOS2 fiuid property
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module, with some CO, initially present in the reservoir fluid, to study the changes in

non-condensible gas content of produced fluids in response to injection.
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7.4 Problem No. 4 - Five-Spot Geothermal Production/Injection

In geothermal reservoir development, production and injection wells are often sited
in more or less regular geometric patterns. The present problem considers a *‘large’” well
field with wells arranged in a *‘five-spot’* configuration (Fig. 20). Because of symmetry
only 1/8 of the basic pattern needs to be modeled. The computational grid was generated
by means of a separate preprocessor program which has not yet been integrated into the
TOUGH?2 package. The grid has six rows, each containing between one and eleven ele-
ments, for a total of thirty-six volume elements (see Fig. 20); for simplicity, only a single
layer of 305 m thickness is modeled. The pro.blcm specifications as given in Table 12
correspond to conditions that may typically be encountered in deeper zones of hot and

fairly tight fractured two-phase reservoirs (Pruess, 1983c; Pruess and Narasimhan, 1985).

- wn ar e e e e -

w

& Injection Wet
ﬂ' Production Well

XBL 907-247¢

Figure 20. Five-spot well pattern with grid for modeling a 1/8 symmetry domain.
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Table 12. Parameters for Five-spot Problem

Formation

Rock grain density 2650 kg/m’
Specific heat 1000 J/kg°C
Heat conductivity 2.1 W/m°C
Permeable volume fraction 2%

Porosity in permeable domain  50%
Impermeable blocks: cubes

with side length 50m, 250 m
Effective permeability  6.0x 107 m?
Thickness 305 m
Relative permeability: Corey

curves with

S, =0.30,S,,=0.05

Initial temperature 300°C
Initial liquid saturation 0.99

Initial pressure 85.93 bar
Production/Injection

Pattern area 1 km®
Distance between producers : :

and injectors . 707.1m
Production raze 30 kg/s
Injection rate 30 kg/s
Injection enthalpy 500 kJ/kg

*Full well basis

The INPUT file for use with the EOS1 fluid property module (Fig. 21) models the
system as 2 fractured medium with embedded irﬁpermcable matrix blocks in the shape of
cbubcs (partition type ‘THRED" with three equal. fracture spacings). The matrix bloc;ks
were assigned a non-vanishing porosity of 107", 50 that they will contain a small amount

of water. This will have no noticeable impact on fluid and heat flows, but it prevents the
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"eRFFe - 36 BLOCKS PARALLFL FIVE-SPOT GRID (CF. SPL-18426)

RU(KSO-OOI---—O~~-'2--°-.'-- e we-@ece Beae 0+ - 5'---.-'.—-6----00—o-l----."’“a
PONED 2R50. .01 6.E-1% 6.t 16 6.€-15 2.1 1000,
FRACT 2650. .68  R.E-1§ 6.€-15 8.E-15 2.1 1000.
VATRX 2650. 1.6-10  ©.E-18 @.F-1F ©.€-15 2.1 1000.
STARI-c-=)ecnc-g-c--2-- -0:22-3acn-tcc-ulecectec-cBocccteeccBe-rc0onn-T-a--0-==-B
PARAM---=1-2- ¢ -2 - ®-.. 3c-. @c-c-B2c--e----BonccgeccBocuce-a-cTo---e----8
1 99 A9000000000RA0AS 470
1.151852E9 -1. 3.15676E7 KA 1
1.E5
1.E-5 1.E8
300. 0.01 5.ES
RPCAP--e-locccg@e-==2e--ctenecBencceraclenacgacr=BocectocccBrec-teemaTocccseonenB
3 .30 es
1 ).

TIMES--=clrccegrrec2ccnctcacancctoccchocr-tenacboccce-ccfoccctecacTecnce-=--8

? 2
1.5778RE8 7.RRG4OER

GENER. - -=J]ececcgmraceccce accBece- -0 -loence~ --BcccngecccfunangecnacTenc-e-=--8
AA 1INJ MASS 3.76 5.0E$
KA 1PRO 1 MASS -3.76 ,
ELEME-=~~lercco--: ~2:~: @cceccocc.@-renlfucnccte-v-foccngecccf vecgecacTenccs==~-8
AA 1 POVEDD . 190RE « 060 . 125AF + 004 a. Q. ©.1525E.03
BA 1 POMIIDY . 762%F.+060 . SO0OE « 8B4 C.7071E+020. ©.1526E+03
CA 1 PUNELIY, TR2NE «PRO . ROQAS 04 ©.1414F«030. 9.1525E+03
DA 1 POVEDR , TRORE «ORA, EOOOT 04 @.2121F.n30. 0.1526E+63
€A 3 POMEDD, 7625€ + 350 . ROIOE « 04 @.2828E0,030, 0.1526E+03
FA 1 POMEDG. 7625€ 21060 . FANDE « 04 ©.3536E+020. ©.1525E+03
GA 1 POVED®, 7€28F+0360 . SON0E 04 P.4243E+030. ©.1525€+03
HA ) POVENQ., 76 258E +060 . ROBOE « B4 (. 4S50E+030. 0.1526E.03
1A 1 PONENGA, 7TE26GF o+ (10, ROGOF o 04 . RE657FE 0230, 0©.1526F+03
JA 1 FOVENE 76261 «AGO . ROON 04 ©.6364E+036. 0.1526F«03
KA 1 FOMEDQ ., JOOGE ¢ ORRN, 12H0OF + 04 G.7071E030, ©.1525F+03
es 1 POMED® . TR2EF « OGP . RAOOE « 04 P.7071E+02¢ . 7071E+020.1526E+03
B 1 POMEDO.1526E+R70.1000E +05 ©.1414E+030.7071E+020.1626E+03
GL 13 POVEDR. 76261 +@60.5000C +04 ©.4243E+030.2828E+030.1526€+03
FF 1 POMED® . 3B12E+0B0 . 2500F +04 0.3636E+@30.3536E+030.1526E+03
HTIXPO POMED Q.

COMNE~ - ~lecccgeccnPeccctenccdecnit - cu-Bee- "0 e foowcgesc-foccnpgenaclenncganc=f

AA 1 BA 1 10 .36ARF 020 . RCARF OO0 . 10TRF 05

BA 1 CA 1 10.3E38L 4026 . ARINE « @23 1076F « 05

Ba ] BB 0. .3836F «02C . ABACE OO . 21B7E <05

CA 3 DA 1 10.3536E+020 . 35 36L + 020 . 1078E +05

CA 1 CB 1 20.3536E +020.3536E +020.2167E+05

‘FE 1 GE 1 10.3536E +020.3536E+070.2167E€+05

FE 1| FF 1 20.3536E 120 . 3RIAF+N23. 216 7E+BE
)NCON--f-l---—o----2----0----3--~------4----0----5----0----6---—o----?----‘----s
VFSNUAKERI*---0—---2----0----3---;"---4-—--0----5----o----8----c----7----‘----8
MINC

PART THRED OFL1T

& 40Ul 50.
.02 . .88 .20 .38

ENDFJ---=1-. -ce.-oePeccce-c.cBecct-rs 4  @cocef -0 :cnBeccngenceTencesean=B

Figure 21. Input file for problem 4 - five-spot production/injection. (Only part of
ELEME and CONNE data blocks are shown.)



4071

25 1

9

-74 -

water mass balance equation from degenerating into the singular form 0 = 0. The MESH-
MAKER module is used to perform MINC-partitioning of the primary grid. The first
MINC continuum, corresponding to the fracture domain, occupies a volume fraétiori of
0.02 and has an intrinsic porosity of 50%, for an effective fracture porosity of 1%. By
inserting an "ENDCY" record in front of the MESHMAKER data block, the MINC pro-

cess can be disabled and the problem run as an effective porous medium. Figures 22 and

e TR R R R R R I LR N R R TR RO R R R N R R R R R T R R R R R R R L T N HH R T R L R R R Rt R O e

' : HESHMAXER - WINC: GENERATE MULVIPLE INTERACTING CONTINUR MESH FOR FRACTURED MEDIUM ]
AT R R R B R R T R R EH O H T S I HEH E R L H T

FILE sINCe EXISTS --~ OPEN AS AN OLD FILE
CHOICE OF MATRIX-MATRIX FLOM HANDLING: °DFLY ®
THE OPTIOKS ARE: ° * (DEFAULT), NO BLOBAL MATRIX-MATRIX FLOW; GLOBAL FLOW OKLY THROUSK FRACTURES

MAVER®, GLOBAL WATRIR-MATRIX FLOW IN VERTICAL DIRECTION ONLY
*MNALL®, BLOBAL MATRIX-NATRIX FLON IN ALL OIRECTIONS

GEOMETRY DATA, NORMALIZED TO A DOMAIK OF UKIT VOLUME

CONTINUUN JOEXTIFIER VOLUXE KODAL JISTANCE INTERFACE ARER  INTERFACE DISTANCE

FRON FRACTURES

1-FRACTURES LR 0.20000e-01 0.

0117608400 0.
2-MATRI 2 0.80000e-01 0.34384e400

0.13111e+00 0.69557e400
3-RATRIX 3 0.20000e+00 0.97837e400

0.93970e-01 0.25524e+01
4-KATRI e 0.35000e+00 0.23051e+01

0.59197¢-0t 0.72627e401

3-KATRIX 5 0.35000e¢00 0.35475e 481

READ PRINARY MESH FROX FELE SNESHe .
THE PRIMARY NESH HAS 37 ELEMEKTS ( 36 ACTIVE} AXD 55 CONNECTIONS (INTERFACES) BETMEEN THEM

WRITE SECONDARY MESH ON FILE eXINCe
THE SECONDARY NESH HAS 181 ELEMENTS ( - 180 ACTIVE) AND 199 CONNECTIONS (INTERFACES) BETWEEN THEN

CHA RN R N RN R S O D A R R AN R S A R R O RS R R R R SN OO R AR R SRR RN AR RS R SRR R NRA RO RSN ERR0NNE

MESK GENERATION CONPLETE ~-- EXIT FROM MODULE 4NESHMAKERe

Figure 22. Output from MINC processing of problem 4.
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23 show part of the printout of the MINC simulation run, and Fig. 24 gives tempcrature
profiles élong the line connecting the injection and production wells after 36.5 years. Itis
seen ﬁal the MINC results for 50 m fracture spécing are virtually identical to the porous
medium results, while another MINC run for 250 m fracture spacing shows lower tem-

peratures, indicating a less complete thermal sweep.

We mention again a number of problem variations, that can be easily realized with
sma!l modifications in the inpgt ﬁlc. For example, heat exchange with confining i)cds can
be studied by setting MOP(15) = 1 (an appropriate inactive element to represent thermal
parameters has already been included in the input file). This would be expected to be of
minor significance for the porous medium and the D = 50 m fracture spacing cases, but
could have major effects when fracture spacing is as large as 250 m. The problem could
be run with permeable matrix blocks; typical matrix permeabilities in fraétgrcd geother-
mal reservoirs are of the order of 1 to 10 microdarcies (102 1o 107" mz). It wbuld also
be of interest to compare a “‘production only’’ case with various different injection
scenarios. The input file as is can also be run with the EOS2 module; the third primary

variable would then specify a CO, partial pressure of 5 bars.
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Figure 23. Selected output from problem 4 flow simulation.
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8. Concluding Remarks

"With TOUGH2 we are releasing a code that provides a flexible capability for simu-
lating multicomponent multiphase fluid and heat flows in permeable media. TOUGH2
implements the general MULKOM architecture that separates and interfaces the flow
and transport aspects of the problem (which do not depend on the nature and number of
fluid components and phases) from the fluid property and phase composition aspects
(which are specific to the particular fiuid mixture under study). Another important aspect
of TOUGH2 is the integral finite difference method used to discretize the flow system.
This method provides a high degree of fiexibility in the description of flow geometry.
One-, two-, and three-dimensional flow problems with regular or irregular gridding can
be treated on the same footing, and special discretization schemes for fractured media, or
for higher-order differencing approximations, can be implemented through appropriate
preprocessing of geometric data. For regular gri& systems, the integral finite difference

method is equivalent to conventional finite differences.

The emphasis in the development of the MULKOM concept, and its implementation
in the TOUGH2 code, has been on fiexibility and robustness. TOUGH2 is an adaptable
research tool, that in the present form can havndlc a wide variety of flow problems in the
fields of geothermal reservoir engineering, nuclear waste isolation, and hydrology. Fluid
property modules to be included in future releases would allow applications to problems
in petroleum engincering, natural gas recovery and storage, and environmental monitor-

ing and remediation cfforts. .

TOUGH? is intended to be a “*general purpose’” simulator. Applications to many
different kinds of flow problems are possible, but should be made with caution. The
diversity of multiphase-fluid and heat flow problems is enormous, and careful considera-

tion must be given to the peculiar features of any given problem if a reasonably accurate
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and efficient solution is to be obtained. A case in point is multiphase flow in composite
(layered) media, in which discontinuous permeability changes occur at the boundaries
between different geologic units. It is well known that for single phase flow, the appropri-
ate interface weighting scheme for absolute permeability is harmonic weighting. For
two-phase flow, the added problem of relative permeability weighting arises; it has been
establisied that for transient flow problems in uniform media, relative permeability must
be upstream weighted, or else phase fronts may be propagated with erroncous speed
(Aziz and Settari, 1979). Recent studies at Lawrence Berkeley Labdratory have shown
that for transient two-phase problems in composite media, both absolute and relative per-
meability must be fully upstream weighted to avoid the possibility of gross errors (Tsang
and Pruess, 1990; Wu, Pruess, and Chen, 1990). The applicable weighting schemes for

different fiow problems are summarized in Fig. 25. Our somewhat disturbing conclusion

transient two-phase flow

uniform medium composite medium

k (constant) k
k, upstream k, § Uupstream

steady two-phase flow
k « k, harmonic

single-phase flow

k harmonic
k, (none)

ABL 900-2080

Figure 25. Weighting procedures for absolute (k) and relative permeability (k) at grid
block interfaces.
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is that there is no single weighting scheme for general two-phase flows in composite
media that would at the same time preserve optimal accuracy for single-phase or steady
two-phase flows. Another interesting problem is the weighting scheme for interface den-
sitics. For proper modeling of gravity effects, it is necessary to define interface density as
the arithmetic average between the densities of the two adjacent grid blocks, regardless
of nodal distances from the interface. An unstable situation may arise when phases
(dis-)appear, because interface density may then have to be “*switched’’ to the upstream
value when the phase in question is not present in the downstream block. For certain flow

problems spatial interpolation of densities may provide more accurate answers.

Issues of interface weighting and associated discretization errors are especially
important when non-uniform or irregular grids are used, as is often done within an
integral finite difference approach because of the convenience and ease of implementa-
tion. Additional complications related to interface weighting arise in flow problems that
involve hydrodynamic instabilities. Examples include immiscible displacements with
*‘unfavorable mobility ratio’’ where a less viscous fluid displaces a fluid of higher
viscosity (viscous instability), and flow problems where a denser fluid invades a zone
with less dense fluid from above (gravity instability). These instabilities can produce
very large grid orientation errors, i.e., simulated resulfs can depend strongly on the orien-
tation of the computational grid (Yanosik and McCracken, 1979; Pruess and Bodvarsson,

1983: Pruess, 1991; Brand et al., 1991).

Thése examples are by no means exhaustive; they are simply intended to illustrate
potential subtle and not so subtle pitfalls in the modeling of multiphase flows. Generally
speaking, in the design and implementation of numerical schemes for such flows, there
appears to be a trade-off between accuracy and eﬂicicncf on the one hand, and flexibility
and robustness on the other. For any given problem, small modifications in the source
code will often allow substantial gains in accuracy and efficiency. In many cases it may

be advisable to use higher-order differencing schemes. The present version of TOUGH2
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does not prnvichbu,ilt-in capabilities for higher-order differencing; however, the integral
finite dificrence methodology used in TOUGH2 makes it possible to implement- such
schemes through simple preproceséing of geometric data. Generally speaking, higher-
order differencing schemes can be implemented by assigning additional flow connec-
tions, with appropriate weighting factors, between elements of the computational grid

(Pruess and Bodvarsson, 1983).
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Nomenclature

area, m*

b Klinkenberg parameter, Pa

B effective vapor diffusion strength paramctcr. rcplaccs the group ¢S tin Eq.
(A.7), dimensionless

C specific heat, J/kg * °C

d penetration depth for heat conduction, m

D diffusion coeficient, m?/s

D distance, m

DELX small increments of primary variables for computing numerical derivatives

DX - increments of primary variables during Newton-Raphson iteration

f diffusive flux, kglm2 s

fypL vapor pressure lowering factor, dimensionless (Eq. A.9)

F mass or heat flux, kg,lm2 +s or W/m?

g gravity acceleration, m/s?

h specific enthalpy, J/kg

i index of primary thermodynamic variable

J Jacobian matrix

k intrinsic permeability, m? (10 2m? = darcy)

k time level index

k, relative permeability, dimensionless

K ~ thermal conductivity, W/m - °C

Ky Henry's constant, Pa

m index of volume element (grid block)

m,, molecular weight of air |

M0 molecular weight of water

m, molecular weight of liquid

M accumulation term in mass or encrgy balance equation, kg/m:" or Ym’®
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index of volume element (grid block)

index of volume element (grid block)

number of secondary parameters other than mass fractions in PAR array

(usually NB = 6)
NB + NK |
number of volume elements (grid blocks) in flow domain

number of balance equations per volume element;
NEQ = NK1 or NEQ = NK

number of mass components present
NK+1

storage location after which primary variables start for gfid block N;
NLOC = (N - 1)*NK1

storage location after which secondary parameters start for grid block N;
NLOC2 = (N - 1)*(NEQ + 1)*NSEC

number of phases

number of secondary parameters per volume element;
NSEC = NPH*NBK + 2

index in Newton-Raphson iteration

pressure, Pa

air entry pressure, Pa

capillary pressure, Pa

saturated vapor pressure, Pa

volumetric sink or source rate, kg/m3 s or W/m®

radius, m

residuals in mass or energy balance equations, kglm3 or .llm3
universal gas constant, 8314 J/°C - mole

saturation (void fraction occupied by a fluid phase), dimensionless
time, s

temperature, °C

specific internal energy, J/kg

vol\ .ne, m’

distance, m
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x. X primary thermodynamic variable

x‘(;") mol fraction of component x in phase B

Xé“) mass fraction of component K in phase B

z = log| rl(t)”l similarity variable for cylindrical flow geometry

Greek

B phase index (B = liquid, gas)

) thermal diffusivity, m%s

X component index

p density, kg/m3

r area, m?

() porosity, dimensionless

3 tortuosity factor, dimensionless
viscosity, Pa - s

Subscripts

a air

B phase

c capillary

f fracture

g gas

i initial

! liquid

r relative

R rock

v vapor

J’AMMM

%”3” prrf (2(23/93
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Appendix A. Mass and Energy Balances
The basic mass- and energy-balance equations solved by MULKOM, TOUGH and

TOUGH?2 can all be written in the following general form:

d (x) () ®)
L f Mgy = - n dl v A.
= 4 ‘!.F nd +J.q‘ d (A1)

<

The integration here is over an arbitrary subdomain V,, of the flow system under study,
which is bounded by the closed surface I',. The quantity M appearing in the accumula-
tion term denotes mass or energy pe- unit volume, with x = 1, .. ., NK labeling the mass

components, and x = NK + 1 for the heat *‘component.”’

The gencral form of the mass accumulation term is

NPH '
M®) = ¢y Sﬁ Pp Xé"’ . (A2)
p=1

The total mass of component K is obtained by summing over all fluid phases B=1, ...,
NPH. Sp is the saturation (volume fraction) of phase B, pg is density of phase B, and Xé")
is the mass fraction of component x present in phase 8. Similarly, the heat accumulation

term in 2 multi-phase system is

M‘”“*"=¢N)EHS U+ (1-0)pr Cr T A3
& g PpUp PrCR T, (.)'

where ug denotes internal energy of fiuid phase B.

The mass flux term is a sum over phases

. NPH
F¥= 3 X{*Fy (A4)
B=1 |

for x = 1....., NK. Individual phase fluxes are given by a multi-phase version of
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Darcy’s law:
K, 7 ,
FB=_k ?:-ps(v Pp—ppg) : (A.S)

Here k is absolute permeability, kg is relative permeability of phase B, pg is viscosity,
and
Pg=P+P. g ' (A.6)
is the presswic iit phase B, which is the sum of the pressure P of a reference phase, and
the capillary pressure of phase B relative to the reference phase. g denotes the vector of
gravitational acceleration. Gas phase permeability can be specified to depend on pres-
sure, according to the Klinkenberg relationship k = ko(1 + b/P), where kg is absolute per-
meability at high pressure (Klinkenberg, 1941). In addition to Darcy fiow, MULKOM
and TOUGH also include binary diffusion in the gas phase for fluids with two gaseous
(or volatile) components X, X’
£§2 1es == 0 Sg TD e Py V X{© (AD
D, . is the coefficient of binary diffusion which depends on the nature of the gaseous
components and on pressure and temperature. T is a tortuosity factor. When binary dif-

fusion is present the flux-term (A.7) simply gets added to that of (A.4).

Heat flux contains conductive and convective components (no dispersion)
FNKD = _KVT+ 3 hg Fp (A8)
B

where K is thermal conductivity of the medium, and hg=ug+ P/py is the specific
enthalpy of phase p. |

MULKOM and TOUGH2 can model vapor pressure lowering due to capillary and
phasc adsorption effects. This is represented by Kelvin's equation (Edlefsen and Ander-

son, 1943):

P‘. (T, S,) = fVPL(T’ S,) . P“‘m (A.9a)
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where

(A.9b)

fypL = exp m,; - Pe(5:)
p; R (T +273.15)

is the vapor pressure lowering factor. P, is saturated vapor pressure of bulk liquid, P is
the difference between liquid and gas phase pressures, m is the molecular weight of the

liquid, and R is the universal gas constant.
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Appendix B. Space and Time Discretization

The continuum equations (A.1) are discretized in space using the *‘integral finite
difference”” method (Edwards, 1972; Narasimhan and Witherspoon, 1976). Introducing

appropriate volume averages, we have

fMav=v,M, (B.1)
Ve :

where M is 2 volume-normalized extensive quantity, and M, is the average value of M
over V,. Surface integrals are approximated as a discrete sum of averages over surface

segments Ay

JFmdf:ZAmFm . (B2)

Here F,, is the average value of the (inward) normal component of F over the surface
segment A, between volume elements V,, and V. The discretization approach used in
the integral finite difference method and the definition of the geometric parameters are
illustrated in Fig. 26, The discretized flux is expressed in terms of averages over parame-

ters for elements Vy, and V. For the basic Darcy flux term, Eq. (A.S), we have

k:p Pp P = Pp.m
Fa =-— & -
Fpom=—knm [ i D, PBam Enm (B.3)

where the subscripts (nm) denote a suitable averaging (interpolation, harmonic weight-

ing, upstream weighting). Dy, is the distance between the nodal points n and m, and g,

is the component of gravitational acceleration in the direction from m to n.

The discretized form of the binary diffusive flux in the gas phase is |

Xon=X
f ?slmtm = = Om sg.nm Tam (Dxdom Pgam '—u—;)—'ﬂ . (B.4)
nm

Substituting Eqs. (B.1) and (B.2) into the governing Eq. (A.1) a set of first-order
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Vn

A A
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XBL 908-288) X2L 908-2882

Figure 26. Space discretization and geometry data in the integral finite difference
method.

ordinary differential equations in time is obtained.

dM®
Ch o1 ®) 4 o B.S
- Vy & A Fam + 9 ®:3)

Time is discretized as a first order finite difference, and the flux and sirk and source
terms on the right hand side of Eq. (B.5) arc evaluated at the new time level,
&+ = % 4+ A1, 10 obtain the numerical stability needed for an efficient calculation of
multi-phase flow. This treatment of flux terms is known as ““fully implicit,”* because the
ﬂuxc§ are expressed in terms of the unknown thermodynamic parameters at time level |
tx*1, 5o that these unknowns are only implicitly defined in the resulting equations; see
e.g. Peaceman (1977). The time discretization results in the following set of coupled
non-lincar, algebraic equations: |

RUK+ 2 pOke ] _ ok _ _3!:{§ Ay FOK+ 4y qloks l}

=0 | (B.6)
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The entire geometric information of the space discretization in Eq. (B.6) is provided
in the form of a list of grid block volumes V,, interface areas A;,, nodal distances Dy,
and components g, of gravitational acceleration along nodal lines. There is no refer-
ence whatsoever to a global system of coordinates, or to the dimensionality of a particu-
lar flow problem. The discretized equations are‘in fact valid for arbitrary irregular
discretizations in one, two or three dimensions, and for porous as well as for fractured
media. This flexibility should be used with caution, however, because the accuracy of
solutions depends upon the accuracy with which the various interface parameters in
equations such as (B.3, B.4) can be expressed in terms of average conditions in grid
blocks. A general requirement is that there exists approximate thermodynamic cquili;
brium in (almost) all grid blocks at (almost) all times (Pruess and Narasimhan, 1985).
For systems of regular grid blocks referenced to global coordinincs (suchasr—-z,x-y-
z), Eq. (B.6) is identical to a conventional finite difference formulation (c.g. Peaceman,

1977).

For each volume element (grid block) V,, there are NEQ equations (x = 1, 2, ...,
NEQ; usua.lly, NEQ = NK + 1), so that for a flow system with NEL grid blocks (B.6)
represents a total of NEL - NEQ coupled non-lincar equations. The unknowns are the
NEL - NEQ independent primary variables {x;; i = 1, ..., NEL - NEQ} which completely
define the state of the flow system at time level **1. These equations are solved by
Newton/Raphson iteration, which is implemented as follows. We introduce an iteration
index p and expand the residuals R{**! in Eq. (B.6) at iteration step p + 1 in a Taylor

series in terms of those at index p:

RE¥ (x; 5o ) = REVE (x; )

aR,(f)k’l
+ }‘: S p(xi,pu - Xi.p)

+...=0 (B.7)

Retaining only terms up to first order, we obtain a set of NEL - NEQ linear equations for
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the increments (X; p.y = X;,p)*

aR'(‘K)kH
-3 =5 | e mmp =R ®8)
i i

All terms 9R,/0x; in the Jacobian matrix are evaluated by numerical differentiation. Eq.

(B.8) is solved with the Harwell subroutine package *MA28" (Duff, 1977). Iteration is

continued until the residuals R®%*! are reduced below a preset convergence tolerance

(see Pruess, 1987).
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Appendix C. Description of Flow in Fractured Media

Figure 27 illustrates the classical double-porosity concept for modeling ﬂow.in
fractured-porous media as developed by Warren and Root (1963). Matrix blocks of low
permeability are embedded in a network of inter-connected fractures. Global ﬂ&w in the
reservoir occurs only through the fracture system, which is described as an effective
porous continuum. Rock matr& and fractures may exchange fluid (or heat) locally by
means of ‘‘interporosity flow,” which is driven by the difference in pressures (or tem-
peratures) between matrix and fractures. Warren and Root appfoximated the interporos-
ity flow as being *‘quasi-steady,”” with rate of matrix-fracture interflow proportional to

the difference in (local) average pressures.

_l'r"

Matrix \Fractures

XBL 813-2725
Figure 27. Idealized ‘‘double porosity’* model of a fractured porous medium.

The quasisteady approximation is applicable to isothermal single phase flow of

fluids with small compressibility, where pressure diffusivities are large, so that pressure
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changes in the fractures penctrate quickly all the way into the matrix blocks. However,
for multiphase flows or coupled fluid and heat flows, the transient periods for interporos-
ity flow can be very long (tens of years). In order to accurately describe such flows it is
necessary to resolve the driving pressure and tchmratm gradients at the matrix/fracture
interface. In the method of *‘multiple interacting continua® (MINC; Pruess and
Narasimhan, 1982, 1985), resolution of these gradients is achieved by appropriate
subgridding of the matrix blocks, as shown in Fig. 28. The MINC concept is based on the
notion that changes in fluid pressures, temperatures, phase compositions, etc. due to the
presence of sinks and sources (production and injection wells) will propagate rapidly
through the fracture system, while invading the tight matrix blocks only slowly. There-
fore, changes in matrix conditions will (locally) be controlled by the distance from the
fractures. Fluid and heat flow from the fractures into the matrix blocks, or from the
matrix blocks into the fractures, can then be modeled by means of one-dimensional

strings of nested grid blocks, as shown in Fig. 28.

Figure 28. Subgridding in the method of *‘multiple interacting continua®® (MINC).
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In general it is not necessary to explicitly consider subgrids in all of the matrix
blocks separately. Within a certain reservoir subdomain (corrcspond-ing to a finite-
difference grid block), all fractures will be lumped into continuum # 1, all matrix material
within a certain distance from the fractures will be lumped into continuum # 2, matrix
material at larger distance becomes continuum # 3, and so on. Quantitatively, the sub-
gridding is specified by means of a set of volume fractions VOL(), j = 1, ..., J, into which
the **primary”’ porous medium grid blocks are partitioned. The MINC-process in the
MESHMAKER module operates on the element and connection data of a porous medium
mesh to calculate, for given dﬁta on volume fractions, the volumes, interface areas, and
nodal distances for a *‘secondary”’ fractured medium mesh. The information on fractur-
ing (spacing, number of sets, shape of matrix blocks) required for this is provided by a
*proximity function’* PROX(x) which expresses, for a given reservoir domain V,, the
total fraction of matrix material within a distance x from the fractures. If only two con-
tinua are specified (one for fractures, one for matrix), the MINC approach reduces to the
conventional double-porosity method. Full details are given in a separate report (Pruess,

1983a).

The MINC-method as implemented in the MESHMAKER module can also describe
global matrix-matrix flow. Figure 29 shows the most general approach, often referred to
as *‘dual permeability,” in which global fiow occurs in both fracture and matrix con-
tinua. It is also possible to permit matrix-matrix flow only in the vertical direction. For
any given fractured reservoir flow problem, selection of the most appropriate gridding
scheme must be based on a careful consideration of the physical and gcometric; condi-
tions of flow. The MINC approach is not applicable to systems in which fracturing is so

sparse that the fractures cannot be approximated as a continuum.
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Figure 29. Flow connections in the *‘dual permeability’’ model.
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